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I .  THE CRYSTAL AND MOLECULAR STRUCTURE OF DIAQUO ZINC(II) 
GLYCYLGLYCYLGLYCINATO HEMISULFATE DIHYDRATE
CHAPTER I  
INTRODUCTION
D uring th e  p a s t  20 o r  30 y e a rs  rem arkab le  p ro g re s s  has been 
made in  th e  i s o l a t i o n  o f  la rg e  b io lo g ic a l ly  im p o r ta n t m o lecu le s , 
e s p e c ia l ly  p r o te in s .  These te c h n iq u e s  have p ro g re s se d  to  th e  p o in t 
w here r e l a t i v e l y  la rg e  s in g le  c r y s ta l s  o f  a c t iv e  p r o te in  can now be 
o b ta in e d . This has a llow ed  th e  b io c h em is t to  c h a r a c te r iz e  th e se  w ith  
re a so n a b ly  c e r t a in ty  t h a t  he h a s  th e  m o lecu la r  s p e c ie s  th a t  i s  a c t iv e  
in  th e  l i v in g  o rgan ism . In  tu r n  th e se  c h a r a c te r i z a t io n s  have re v e a le d  
th a t  th e  m e ta ls  o f  th e  fo u r th  p e r io d  a re  s in g u la r ly  im p o rtan t in  b io ­
lo g i c a l  sy stem s. The lo s s  o f  a  m e ta l io n  o r  even i t s  rep lacem en t by 
a n o th e r  m e ta l io n  w i l l  re n d e r  an enzyme o f 30 ,000  m o le c u la r  w eigh t 
im p o te n t.
The f o u r th  p e r io d  in c lu d e s  P o tass iu m , C alcium , I ro n ,  Copper, 
and Z inc among o th e r s .  A ll  o f  th e s e  a re  n e c e ss a ry  to  human l i f e .
For in s ta n c e  on ly  about 100 mg. o f  Copper a re  found in  an a d u l t  human 
b u t i t s  im portance may be seen  from th e  f a c t  t h a t  cytochrom e o x id ase  
i s  among th e  many enzymes i t  a c t i v a t e s .  Copper enzymes a re  e f f i c i e n t  
Og c a r r i e r s .  Copper d e f ic ie n c y  a ls o  le a d s  to  a  d e f ic ie n c y  o f heme 
p r o t e i n s .
Z inc i s  in v o lv ed  in  b io lo g ic a l  o x id a t io n - re d u c t io n  w ith  many 
o f th e  f la v o p ro te in s  a lth o u g h  i t  a p p a re n tly  i s  n o t d i r e c t l y  invo lved  
in  th e  e le c t r o n  t r a n s f e r .  Z inc  i s  a ls o  e s s e n t i a l  in  many h y d ro ly t ic
“1 —
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enzymes, f o r  example a lk a l in e  p h o sp h o tase , c a rb o n ic  anhydrase and 
c a rb o x y -p e p tld a se . Z inc I s  a l s o  unique among th e  b io lo g ic a l ly  a c t iv e  
m e ta ls ; I t  I s  th e  on ly  p o s t - t r a n s l t l o n  m e ta l Ion  w ith  a  w e ll e s ta b l is h e d  
c a t a l y t i c  r o le .
F u r th e r  d u rin g  th e  co u rse  of th e  c h a r a c te r i z a t io n  o f  th e  b lo -  
m e ta l l lc  system s I t  became obvious th a t  th e  m e ta l Ions behaved 
d i f f e r e n t ly  from th e  u s u a l m e ta l- In o rg n a lc  Ion  com plexes. With th e se  
f a c t s  In  mind th e  d e c is io n  was made to  I s o l a t e  and de term ine  th e  s t r u c ­
tu r e  o f com plexes o f 4 th  p e r io d  m e ta ls  In  p r o te in  l i k e  environm ent. I t  
I s  hoped th a t  th e se  experim en ts  w i l l  h e lp  e lu c id a te  th e  d if f e re n c e s  be­
tween th e  fo u r th  p e r io d  Io n s  and th e re b y  e x p la in  t h e i r  s p e c i f I t y .  So th a t  
th e  r e s u l t s  would be r e le v a n t  to  b io lo g ic a l  sy stem s , th e  complexes have 
been I s o la te d  a lm ost e x c lu s iv e ly  from s o lu t io n s  o f  ap p rox im ate ly  n e u t r a l  
pH.
The r o le  o f  z in c  Ion  In  b ioch em ica l phenomena was o f s p e c ia l  
I n t e r e s t .  V ir tu a l ly  a l l  z in c  enzymes, ex cep t th o se  In v o lv in g  f la v ln o ld
co-enzym es, a re  h y d r o ly t ic .  F u r th e r  th e  mechanisms o f many o f them
:e rn  1 
2 ,3 ,4
appear s im i la r .^  M etal rep lacem en t s tu d ie s  show a  s im i la r  p a t te r In
ca rb o n ic  an h y d ra se , a lk a l in e  phospho tase  and c a rb o x y -p e p tld a se .
The z in c  and c o b a l t  complexes a re  a c t iv e  w h ile  th e  copper compounds a re  
com plete ly  I n a c t iv e .  S p e c tra l  s tu d ie s  show a s im i la r  bonding geom etry 
In  c a rb o x y -p e p tld a se  and c a rb o n ic  anhy d rase . A lso ca rb o n ic  anhydrase 
has been  shown to  have e s te r a s e  a c t i v i t y .  In  view  o f Freem an's compa­
r a t i v e  s t r u c t u r a l^  s tu d ie s ,  which In d ic a te d  a  marked s im i la r i ty  betw een 
copper and z in c  g e o m e tr ie s , th e  I n a c t iv i t y  o f  th e  copper enzyme complexes 
was d is tu r b in g .  T h e re fo re  when c r y s ta l s  o f  d laquo z in c  g ly c y l g ly c y l
—3—
g ly c ln a to  h e m l-s u lfa te  d ih y d ra te  were o b ta in ed  i t  was d ec id ed  th a t  t h i s  
s t r u c tu r e  would o f f e r  an e x c e l le n t  o p p o rtu n ity  to  in v e s t ig a te  th e  d i f ­
fe re n c e s  o f  copper and z in c  io n s  in  b io lo g ic a l  su r ro u n d in g s , s in c e  th e
s t r u c tu r e  o f  c o p p e r ( I I )  g ly c y l g ly c y l g ly c in a to  c h lo r id e  se sq u ih y d ra te  
46had been re p o r te d .
An obvious q u e s tio n  concern ing  th e  v a l i d i t y  o f th e  r e s u l t s  o f 
co n fo rm a tio n a l s tu d ie s  in  th e  c r y s t a l l i n e  s t a t e  a r i s e s ,  m ain ly  to  
w hat e x te n t does th e  p ro cess  o f  c r y s t a l l i z a t i o n  a f f e c t  th e  geom etry 
o f th e  m e ta l su rro u n d in g s?  W hile i t  i s  im p o ss ib le  to  p rove th a t  th e re  
i s  no e f f e c t ,  i t  may be s a f e ly  s a id  th a t  th e  e f f e c t  i s  very  sm all o r 
perhaps even n e g l ig ib le .  This co n c lu sio n  i s  reach ed  a f t e r  exam ining 
th e  m e ta l su rro u n d in g s  w ith  d i f f e r e n t  l ig a n d s  and th e  d i f f e r e n t  m e ta ls  
w ith  th e  same l ig a n d .  These in v e s t ig a t io n s  show a  la rg e  v a r ia t io n  in  
th e  c r y s ta l  system  and th e  number o f s o lv e n t m olecu les in c lu d ed  in  
o rd e r  to  f i l l  sp a c e . T h is in d ic a te s  th a t  th e  ch em istry  o f th e  system  
determ ines  th e  m e ta l geom etry r a th e r  th an  c o n s id e ra tio n s  o f e f f i c i e n t  
space f i l l i n g .
CHAPTER I I
EXPERIMENTAL
During a tte m p ts  to  grow c r y s ta l s  o f  th e  mixed c h e la te ,  z in c  
g ly c y l g ly c y l g ly c in a te  1 - s e r i n a t e ,  long  b o a t-sh a p e d  p la te s  c r y s t a l ­
l i z e d  from s e v e ra l  o f  th e  s o lu t io n s .  The s o lu t io n s  w ere p rep a red  
by d is s o lv in g  e q u i-m o la r  q u a n t i t i e s  o f  z in c  s u l f a t e ,  g ly c y l g ly c y l 
g ly c in e  and 1 - s e r in e  in  d i s t i l l e d  w a te r and p r e c i p i t a t i n g  th e  s u l ­
f a t e  by adding an e q u i-m o la r amount o f  barium  h y d ro x id e . Because 
i d e n t i c a l  c r y s ta l s  grew from s o lu t io n s  c o n ta in in g  n o t on ly  th e  de­
s i r e d  compound a lo n e  b u t a lso  from s o lu t io n s  which co n ta in ed  e i t h e r  
an e q u iv a le n t o f h y d ro c h lo r ic  a c id  o r  an e q u iv a le n t  o f  sodium hy­
d ro x id e  p e r  e q u iv a le n t o f  z in c ,  th e  p re se n c e  o f  an an ion  o th e r  th an  
th e  p e p tid e  and amino a c id  was n o t ex p e c te d . A lso i t  was though t 
th a t  a l l  o f th e  s u l f a t e  io n  had been removed by p r e c i p i t a t io n  w ith  
barium  hyd rox ide  d u rin g  th e  p r e p a ra t io n  o f  th e  c h e la te  s o lu t io n .  
T h e re fo re  when th e  c r y s t a l s  w ere found to  be o f  a cen trosym m etric  
sp ace  group i t  was th o u g h t th a t  c r y s ta l s  o f th e  compound z in c  g ly c y l 
g ly c y l g ly c in a te  h y d ro x id e  h ex ah y d ra te  had been  grown.
However, s t r u c t u r e  a n a ly s is  by X -ray  d i f f r a c t i o n  re v e a le d  
th a t  th e  c r y s ta l s  w ere o f  th e  compound diaquo z in c  g ly c y l g ly c y l 
g ly c in a te  h e m i-s u lfa te  d ih y d ra te ,  ZnCCgH^QN^O^).ijSO^.4H2O. C ry s ta ls  
o f  t h i s  compound may be r e a d i ly  grown by la y e r in g  a  f iv e -h u n d re d th s
—4—
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to  o n e - te n th  m olar aqueous s o lu t io n  o f  th e  compound w ith  e th a n o l.
T h is  s o lu t io n  i s  p rep a red  by d is s o lv in g  e q u i-m o la r q u a n t i t i e s  o f 
z in c  s u l f a t e  and g ly c y l g ly c y l g ly c in e . The s u l f a t e  i s  p a r t i a l l y  
p r e c ip i t a t e d  by th e  a d d i t io n  o f  a  o n e -h a lf  m olar q u a n t i ty  o f  barium  
h y d ro x id e . The lo n g , b o a t-sh a p e d  p la te s  ap p ea r w ith in  tw en ty -fo u r 
h o u rs . The c r y s ta l s  a re  e lo n g a te d  along th e  b - a x is  and th e  p la te  
fa c e  i s  p e rp e n d ic u la r  to  th e  a - a x i s .  Approxim ate chem ical a n a ly s is  
showed a  r a t i o  o f 2 .3  atom ic w eig h ts  o f z in c  to  one io n ic  w eight o f 
s u l f a t e .  The z in c  was de te rm in ed  by t i t r a t i o n  w ith  e th y le n e  diam ine 
t e t r a a c e t a t e ^  in  b a s ic  m edia and th e  s u l f a t e  io n  was determ ined
7
g r a v im e tr ic a l ly  by p r e c i p i t a t i o n  as barium  s u l f a t e .  The d e n s ity
was m easured by f l o t a t i o n  and found to  be 1 .763  grams p e r  cub ic
c e n t im e te r ,  th e  d e n s ity  c la c u la te d  assum ing e ig h t  m o lecu les in  th e  
u n i t  c e l l  i s  1 .762 grams p e r  cu b ic  c e n tim e te r . The agreem ent betw een 
th e  observed  and c a lc u la te d  d e n s i t i e s  in d ic a te s  t h a t  th e  r a t i o  o f 
z in c  to  s u l f a t e  i s  a c tu a l ly  2 .0  to  1 as ex p ec ted  r a th e r  th an  2 .3  to  
1 shown by approx im ate a n a ly s i s .
The r e f l e c t i o n s  Okl when k = 2n+ l, hOl when 1 = 2n+ l, hkO when
h+k = 2 n + l, hOO when h = 2 n + l, OkO when k = 2 n + l, and 001 when 1 = 2n+l
w ere found to  be s y s te m a t ic a l ly  a b s e n t. T his u n iq u e ly  de term ines th e  
sp ace  group to  be Pbcn. The c e l l  p a ram eters  w ere f i t t e d  by l e a s t  
sq u a re s  to  t h i r t y - f o u r  o b served  r e f l e c t i o n s  in  fo u r  o c ta n ts  o f r e c ip ­
r o c a l  sp ace  and a re :
a  = 25.86 ± 0 .03 A 
b = 8 .011 ± 0.006 A
c = 13.59 ± 0 .01  A
-6 —
The I n t e n s i t i e s  w ere m easured w ith  n ic k e l  f i l t e r e d  copper Ka 
r a d ia t io n  on a  G eneral E l e c t r i c  XSD-5 d if f r a c to m e te r ,  u s in g  the  th e ta -  
two th e ta  scan  te c h n iq u e . 2095 Independent r e f l e c t i o n s  were m easured 
o u t to  a  two th e ta  o f  one hundred tw enty d e g re e s ; o f  th e se  317 w ere 
too  weak to  be observed . Near th e  end o f th e  re fin e m en t n in e ty -tw o  
r e f l e c t i o n s  were re ta k e n  because  o f poor agreem ent betw een th e i r  
observed  and c a lc u la te d  v a lu e s .  Of th e s e ,  on ly  f i f t y  w ere d i f f e r e n t  
enough from t h e i r  o r ig in a l  v a lu e s  to  j u s t i f y  rep lacem en t by th e i r  
new v a lu e s .  L o re n tz -p o la r lz a t lo n ,  a b s o rp tio n , and anomalous d is p e rs io n  
c o r re c t io n s  w ere a p p lie d  to  th e  d a ta .  The a b s o rp tio n  c o r re c t io n s  w ere 
redone when th e  s u l f a t e  Ion  was found to  be p r e s e n t .  The f i n a l  l i n e a r  
a b so rp tio n  c o e f f i c ie n t  In c lu d in g  th e  c o n tr ib u t io n  from th e  s u l f a t e  Ion 
I s  37 .1  cm
CHAPTER III
NOMENCLATURE
In  o rd e r  to  d e s c r ib e  th e  c r y s ta l  and m o lecu la r s t r u c tu r e
o f d iaquo z in c  g ly c y l g ly c y l g ly c in a to  h e m i-s u lfa te  d ih y d ra te  c le a r ly
i t  i s  n e c e ssa ry  to  in tro d u c e  a s ta n d a rd  nom enclatu re f o r  th e  d e s-
8c r ip t io n  o f  p e p t id e s .
The term  g ly c y l r e s id u e  s h a l l  r e f e r  to  th e  sequence o f  atom s: 
-NH-C* H g-C 'O -. The sequence o f  atom s, -C°  ^ -C 'O-NH -(C^), s h a l l  be 
r e f e r r e d  to  as a p e p tid e  u n i t .  The re s id u e s  and u n i t s  w i l l  be numbered 
s t a r t i n g  a t  th e  amine te rm in a l end o f  th e  p e p tid e  c h a in . The t e t r a ­
h e d ra l  carbon atoms w i l l  be r e f e r r e d  to  as  C°^  ^ where i  i s  th e  num­
b e r  o f  th e  re s id u e  in  which th e  carbon atom i s  found . The t r ig o n a l  
carbon  atom w i l l  be r e f e r r e d  to  as C '^ , th e  n i t ro g e n  as and th e
oxygen as  0^ . The oxygen atoms in  th e  carboxy l te rm in a l re s id u e
1 2  1 w i l l  be  r e f e r r e d  to  as 0 ^ and 0 ^ where 0 ^ w i l l  be th e  atom bonded
to  th e  C 'g  w ith  th e  most double bond c h a r a c te r ,  t h a t  i s  th e  oxygen
w ith  th e  s h o r te s t  o f th e  two C '^-O ^ bonds. Thus N ^-C ^^-(C '^O ^)-
N2 -C®2 “ ( C s h o w s  th e  numbering o f th e  s k e le t a l
atoms o f  th e  g ly c y l g ly c y l g ly c in a te  io n .
W hile th e  m o lecu la r s t r u c t u r e  can be d e s c r ib e d  in  term s o f
a s in g le  m o lecu le , th e  d e s c r ip t io n  o f  the  c r y s ta l  s t r u c tu r e  re q u ire s
th a t  th e  in t e r a c t io n s  betw een th e  s e v e ra l  m olecu les w ith in  th e  u n i t
c e l l  be d is c u s se d . T h ere fo re  i t  i s  a lso  n e c e ssa ry  to  in tro d u c e  a
s ta n d a rd  n o ta t io n  fo r  r e f e r r in g  to  d i f f e r e n t  m o lecu le s . This w i l l
be done w ith  p r e s c r ip t s ,  b o th  s u b s c r ip ts  and s u p e r s c r ip ts .
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Atoms w hich have n e i th e r  a  p r e - s u b s c r ip t  n o r a  p r e - s u p e r s c r ip t  
s h a l l  be  u n d e rs to o d  to  have th e  c o -o rd in a te s  g iv en  in  th e  l i s t  o f atom ic 
p o s i t io n s  and belong  to  a  co n tin u o u s  m o lecu le . S u p e r s c r ip ts  s h a l l  be 
used to  d e s ig n a te  symmetry o p e ra t io n s  w ith in  th e  u n i t  c e l l .  S u b sc r ip ts  
s h a l l  be used  to  in d ic a te  u n i t  t r a n s l a t io n s  in  th e  d i r e c t io n s  o f th e  
c e l l  ax es .
The e ig h t  e q u iv a le n t p o s i t io n s  g iven  in  th e  s e c t io n  on th e  
s o lu t io n  o f  th e  s t r u c tu r e  r e s u l t  from seven  symmetry o p e ra t io n s .  Super­
s c r ip t s  one th rough  seven a re  used  to  in d ic a te  th e  symmetry o p e ra t io n s  
one th rough  seven  r e s p e c t iv e ly .  The eq u a tio n s  f o r  th e s e  symmetry 





\= 1 -X ^Y=Y ^Z=Js-Z
S = l-X ^Y=l-Y *Z=1-Z
^x=%+-x ^Y=J^fY ^Z=Js-Z
*x=%-x ^Y=JsfY ^Z=Z
^x=x ^Y=l-Y ^Z=JffZ ,
The s u b s c r ip ts  w i l l  have th e  v a lu e s  ±a, ±b, o r  ± c , in d ic a t in g  
p o s i t iv e  o r  n e g a tiv e  t r a n s l a t io n s  along  th e  in d ic a te d  a x i s .  A lso more 
th an  one d i r e c t io n  o f t r a n s l a t i o n  may be in d ic a te d .  The u se  o f  th e  
s u b s c r ip ts  may be ex p ressed  by th e  fo llo w in g  e q u a tio n s :
X=X+1 Y=Y Z=Za a  a
X=X-1 Y=Y Z=Z- a  —a - a
^X=X ^Y=Y+1 ^Z=Z........
and so  on w ith  c o p e ra tio n  on th e  z c o -o rd in a te .
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The o rd e r  o f o p e ra tio n  sh o u ld  always be  th e  symmetry o p e ra tio n
2
fo llo w ed  by th e  t r a n s l a t i o n .  Thus an atom W w ith  c o -o rd in a te s  o f W-c
a t  X, Y, Z w i l l  have c o -o rd in a te s  found by app ly ing  symmetry o p e ra t io n  
2 to  y ie ld  JsfX, %-Y, 1-Z fo llow ed  by a -c  t r a n s l a t i o n ,  Z-1 to  y ie ld  
f i n a l  c o -o rd in a te s  o f  ^s-Y, -Z .
A d d itio n a lly  th e  oxygen atoms in  th e  w a te r  m o lecu les s h a l l  be 
r e f e r r e d  to  as 0 ^ , i  = 1 ,2 ,3 ,4 .  0^ and 0^ s h a l l  be th e  w a te r m olecu les 
bound to  th e  z in c  io n . 0® s h a l l  r e f e r  to  th e  oxygen atoms of th e  
s u l f a t e  io n . Also-, f o r  convenience th e  compound d iaquo z in c  g ly c y l 
g ly c y l g ly c in a to  h e m i-s u lfa te  d ih y d ra te  s h a l l  be r e f e r r e d  to  as z in c  
t r i g l y c i n e .
CHAPTER IV
SOLUTION OF THE STRUCTURE
In  th e  P a tte r s o n  fu n c tio n  fo r  space group Pbcn one would
n o rm ally  expec t to  f in d  seven peaks re p re s e n tin g  z in c -z in c  v e c to r s ,
9th e  P a t te r s o n  in v e rs io n  peak and s ix  H arker p eak s. I t  i s  then  
p o s s ib le  to  f in d  th e  c o -o rd in a te s  o f th e  z in c  atom by u s in g  th e  co­
o rd in a te s  o f th e se  seven peaks to  f i t  th e  seven s e t s  o f  eq u a tio n s  
g e n e ra te d  by th e  symmetry o p e ra t io n s  o f  th e  space  g roup . These 
seven  symmetry o p e ra tio n s  a re  ex p ressed  in  term s o f  an independent 
s e t  o f atoms w ith  c o -o rd in a te s  X, Y, Z and th e  seven  symmetry e q u i­
v a le n t  p o s i t io n s .  For space group Pbcn th e  e ig h t  symmetry e q u iv a le n t 
p o s i t io n s  and th e  seven r e s u l t in g  eq u a tio n s  fo r  th e  symmetry peaks a re  
as fo llo w s  :
E q u iv a len t P o s itio n s
X Y Z
-X -Y -Z
-X Y h -z
i£ -x W îs+ z
j£-X JjfY Jg+Z
X -Y îgfZ





a) u = 2x, V = 2y, w = 2z
b) u = -2 x , V = 0 , w = H-2z
c) u = ij-2x , V = h - 2 y ,  w = ig
d) u = *5“ 2 x , V = h i  w = 0
e) u = 0 , V = -2 y , w = %
f )  u = Jg, V = Jg-2y, w = -2z
g) u = îg, V = ig, w = ig-2z
However In  t h i s  ca se  th e  peaks co rresp o n d in g  to  e q u a tio n s  a 
and b b o th  had v c o -o rd in a te s  o f ze ro  and th e  peaks co rresp o n d in g  to  
e q u a tio n s  f  and g had v c o -o rd in a te s  o f o n e -h a lf .  T his caused th e  
s e t s  o f  e q u a tio n s  a and b ,  and f  and g to  become d e g e n e ra te ; th a t  i s ,  
i t  i s  n o t p o s s ib le  to  d is t in g u is h  th e  peak which co rresponds to  
e q u a tio n  a from th e  peak w hich co rresp o n d s  to  e q u a tio n  b . T his r e ­
s u l t s  in  th e  x and y c o -o rd in a te s  o f th e  z in c  atom b e in g  determ ined  
b u t n o t th e  z c o -o rd in a te .  More e x a c t ly ,  t h i s  s i t u a t i o n  r e s u l t s  in  
two e q u a l ly  p ro b ab le  z c o -o rd in a te s ,  z^ and z ^ , r e l a t e d  to  each o th e r  
by th e  e q u a tio n :
z^ = {g-Zg
T his i s  th e  eq u a tio n  o f a m ir ro r  p la n e  p a r a l l e l  to  th e  xy p la n e  and 
w ith  z = 1 /8 .
An a tte m p t was made to  remove th i s  am bigu ity  by c a lc u la t in g  
th e  r e le v a n t  s e c t io n s  o f th e  P a t te r s o n  fu n c tio n  on a g r id  o f  e ig h t  
one-h u n d red th s  Angstroms in  th e  d i r e c t io n  o f th e  v c o -o rd in a te .  
However, even a t  t h i s  r e s o lu t io n  th e  v c o -o rd in a te s  o f  n e i th e r  o f  th e  
peaks cou ld  be d is t in g u is h e d  from z e ro . Thus f i t t i n g  th e  seven  peaks
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marked as Zn-Zn v e c to rs  in  T able A, th e  two p o s s ib le  z in c  p o s i t io n s  
a re  found to  b e : x = 0 .1 2 5 , y = 0 .0 ,  and = 0 .062 o r  Zg = 0 .1 8 8 .
I t  was decided  to  a tte m p t to  so lv e  th e  s t r u c t u r e  by i n t e r ­
p r e t in g  th e  P a tte r s o n  fu n c tio n  in  term s o f b o th  p o s s ib le  z in c  p o s i t io n s .  
I t  was hoped th a t  th e  am bigu ity  in  th e  z in c  p o s i t io n s  would be re so lv e d  
when one p o s i t io n  r e s u l te d  in  a  s a t i s f a c to r y  s t r u c t u r e  and th e  o th e r  
le d  to  r e s u l t s  which were n o n s e n s ic a l ,  e i t h e r  ch em ica lly  o r  from pack­
in g  c o n s id e ra t io n s .
The f i r s t  g ly c y l re s id u e  was r e a d i ly  found s in c e  i t  i s  c h e la te d  
to  th e  z in c  atom th rough th e  amine te rm in a l n i t r o g e n ,  and th e  
ca rb o n y l oxygen, 0^. However, th e se  two atom s, and 0^^, could  n o t 
be lo c a te d  a c c u ra te ly  because  o f o v e rla p  in  th e  P a t te r s o n  peaks from 
w hich t h e i r  c o -o rd in a te s  w ere d e r iv e d . This o v e rla p  was caused  by th e  
f a c t  t h a t  th e se  atoms were ap p ro x im ate ly  m irro re d  a c ro s s  th e  y = 0 
p la n e , th e  p la n e  in  which th e  z in c  atom i s  s i tu a te d .
At t h i s  p o in t a d i f f i c u l t y  was en coun tered  w hich caused th e  
abandonment o f  t h i s  method o f  s o lv in g  th e  c r y s t a l  s t r u c t u r e .  This 
d i f f i c u l t y  was caused by th e  P a t te r s o n  fu n c tio n  c o n ta in in g  b o th  th e  
c r y s t a l  s t r u c t u r e  and i t s  m ir ro r  im age. T his i s  t r u e  o f  a l l  P a tte r s o n  
maps. However combined w ith  th e  z in c  atom having  a ze ro  y c o -o rd in a te  
r e s u l t s  in  a p seu d o -m irro r p la n e  in  th e  c r y s ta l  s t r u c t u r e  d e riv e d  from 
th e  z in c  p e p t id e  v e c to rs  o f th e  P a t te r s o n  fu n c tio n . T hat i s  any z in c  
to  l i g h t  atom v e c to r  which d e te rm in es  an atom a t  x , y , z a ls o  de term ines  
an atom a t  x , - y ,  z . However t h i s  type  o f m irro r  p la n e  can be re s o lv e d .
T his i s  done by ta k in g  advan tage o f F r i e d e l 's  law which s t a t e s  
th a t  I ( h , k , l )  = I ( - h , - k , - l )  w here I ( h , k , l )  i s  th e  i n t e n s i t y  o f th e
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r e f l e c t i o n  a s s o c ia te d  w ith  th e  M il le r  in d ic e s  o r  r e c ip r o c a l  l a t t i c e  
in d ic e s  h , k , l .  This law i s  ex tended  by th e  symmetry o p e ra t io n s  o f  th e  
Laue group o f th e  c r y s t a l .  As a consequence o f t h i s ,  F r i e d e l ’s Law 
i s  ex ten d ed  f o r  space  group Pbcn to :  I ( h , k , l )  = I ( - h , - k , - l )  =
I ( - h , k , l )  = I ( h , - k , l )  = I ( h ,k , - 1 )  = I ( - h , - k , l )  = I ( - h , k , - l )  = I ( h , - k , - l ) .
T h is law  may a ls o  be ex p re ssed  in  term s o f  th e  s t r u c t u r e  f a c t o r s ,  F, 
by r e p la c in g  I ( h , k , l )  in  th e  above e x p re ss io n  by | f | ( h ,k , l )  where | f |
i s  th e  a b s o lu te  v a lu e  o f th e  s t r u c t u r e  f a c to r .  By exam ining th e  g e n e ra l
s t r u c t u r e  e q u a tio n :
F = A + IB
where A = Zf cos2ir(hx +ky + iz  )n n n n n
B = Zf sin2w (hx +ky + lz  ) n  n n -^n n
i t  i s  a p p a re n t th a t  one may w r i te  F r i e d e l 's  Laws in  term s of th e  atom ic
p o s i t io n s  in  r e a l  space as w e ll  as the  h , k , l  in d ic e s  in  r e c ip ro c a l
sp ace . I n  term s o f th e  atom ic p o s i t io n s  F r i e d e l 's  Law i s  |F |( x ,y ,z )  =
| f | ( - x , - y , - z )  where ( x ,y ,z )  a re  th e  c o -o rd in a te s  o f th e  atoms in  th e  
s t r u c t u r e  and | f | ( x ,y ,z )  i s  th e  c o n tr ib u t io n  made to  | F | ( h ,k , l )  by 
th e  atom a t  ( x ,y ,x ) .  This law  may a lso  be ex tended  by use o f th e  
symmetry o p e ra tio n s  o f th e  Laue group o f th e  c r y s t a l  so  th a t :  | F |
(x ,y ,z )  = | f | ( - x , - y , - z )  = | f | ( - x ,y ,z )  = | f | ( x , - y ,z )  = | f | ( x ,y , - z )
= | f 1 ( - x , - y , z )  = | f | ( - x ,y , - z )  = | F | ( x , - y , - z )  i s  v a l id  fo r  space 
group Pbcn.
Thus th e  m irro r  may be broken by u se  o f th e  e q u a l i ty  | f | ( x ,y ,z )  = 
| f | ( x , - y , z ) .  At th i s  p o in t  th e  on ly  atoms used in  th e  s t r u c tu r e  f a c to r  
c a lc u la t io n s  have y c o -o rd in a te s  o f zero  so th a t  y = - y .  T h ere fo re  one 
i s  f r e e  to  choose th e  y c o -o rd in a te  o f  any o th e r  atom a s  e i t h e r  y o r - y .
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s u b je c t  on ly  to  th e  c o n s t r a in t  th a t  a l l  f u r th e r  atoms be o f th e  same 
m irro r  image a c ro ss  th e  f a l s e  m irro r  p lan e  a t  y = 0 .
E i th e r  p o s i t io n  may be  a r b i t r a r i l y  chosen f o r  th e  f i r s t  atom 
which i s  p la ced  ou t o f th e  m ir ro r  p la n e . T h is however f ix e s  th e  
m ir ro r  image o f th e  s t r u c tu r e  and a l l  subsequen t a tom ic p o s i t io n s  m ust 
be o f  t h i s  same m irro r  im age. T h ere fo re  th e  m irro r  image was f ix e d  
by th e  cho ice  o f image f o r  th e  f i r s t  atom found in  a lo c a t io n  no t
in  th e  p seu d o -m irro r p la n e .
A fte r  th e  m irro r  image was chosen in  t h i s  manner th e  rem ain ing  
atoms o f th e  f i r s t  g ly c y l r e s id u e  were r e a d i ly  found . A nother problem  
a ro se  a t  t h i s  p o in t .  and w ere found in  p o s i t io n s  which were
t h e i r  own m irro r  images a c ro ss  th e  pseudo m ir ro r  p la n e  in  th e  c r y s ta l  
s t r u c t u r e .  T his a p p e a rs , a t  f i r s t  to  cause no problem . However, th e  
problem  a r i s e s  in  p la c in g  th e  n e x t atoms in  th e  sequence along the  
c h a in , th e  Cg and atoms which a re  bonded to  and r e s p e c t iv e ly .  
This i s  because  th e  two p o s i t io n s  x ,  y ,  z and x , - y ,  z fo r  th e  carbon 
atoms a re  e q u id is ta n t  from th e  n i t ro g e n  atom to  which an atom a t  e i t h e r  
of th o se  p o s i t io n s  would be bonded, a lso  th e  bond an g le s  fo r  bo th  
p o s i t io n s  were rea so n ab le  f o r  th e  accuracy  w ith  w hich th e  atoms were 
p la c e d . F u r th e r ,  a t  t h i s  s ta g e  th e re  were n o t enough atoms p laced  to  
make use  o f packing c o n s id e ra t io n s .  T h ere fo re  i t  was n o t p o s s ib le  to  
choose th e  m irro r  image o f  th e  second g ly c y l r e s id u e ,  lo c a te d  between 
Ng and N^, such th a t  i t  was n e c e s s a r i ly  o f th e  same m ir ro r  image as 
th e  f i r s t  g ly c y l r e s id u e . Because b o th  and w ere t h e i r  own m irro r  
image a s im i la r  am biguity  e x is te d  between g ly c y l  r e s id u e s  one and th r e e  
as w e ll .  As a consequence a s im i la r  am bigu ity  a ls o  e x is te d  betw een th e
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second and th i r d  g ly c y l r e s id u e s .  Thus i t  was n o t p o s s ib le  to  p la c e  
any two g ly c y l re s id u e s  such th a t  th ey  were su re  to  be o f th e  same 
m ir ro r  im age.
T h ere fo re  a l l  a tte m p ts  to  so lv e  th e  m ajor p o r t io n  o f  th e  s t r u c ­
tu r e  from th e  P a t te r s o n  fu n c tio n  were abandoned, even though s e v e ra l  
p o s s ib le  p e p tid e  ch a in s  and one w a te r  m olecule cou ld  be r e a d i ly  lo c a te d  
f o r  e i t h e r  z in c  p o s i t io n .
A f te r  abandonment o f th e  P a tte r s o n  fu n c tio n  th e  s t r u c tu r e  
a n a ly s is  was co n tin u ed  u sing  s ta n d a rd  heavy atom m ethods and s u c c e s s iv e  
F o u r ie r  s y n th e se s . Because o f  th e  o v e rlap  in  th e  P a t te r s o n  of th e  
peaks co rresp o n d in g  to  v e c to rs  betw een th e  z in c  atom and i t s  su rro u n d in g  
l ig a n d s ,  we decided  to  s t a r t  by u s in g  only th e  two p o s s ib le  z in c  p o s i t io n s ,  
T h e re fo re  two s e t s  o f s t r u c t u r e  f a c to r s  w ere c a l c u la te d ,  one fo r  each 
p o s s ib le  z in c  p o s i t io n s .
These s t r u c tu r e  f a c t o r  c a lc u la t io n s  d id  n o t  s u c c e s s fu l ly  d e te r ­
mine th e  s ig n s  o f enough s t r u c t u r e  f a c to r s  to  w a rra n t th e  c a lc u la t io n  
o f an e le c tr o n  d e n s ity  map. The reaso n  f o r  t h i s  may be seen  by 
exam ining th e  s t r u c tu r e  f a c t o r  e q u a tio n s  f o r  space  group Pbcn, th e se  a r e :
a) f o r  h+k = 2n and 1 = 2n
A = 8cos2ïïhxcos2irkycos2iTlz
b) f o r  h+k = 2n and 1 = 2n+l
A = 8cos2ïïhxsin2ïïkysin2irlz
c) f o r  h+k = 2n+l and 1 = 2n
A = 8sin2ïïhx cos2w kysin2nlz
d) f o r  h+k = 2n+l and 1 = 2n+l
A = 8sin2nhx sin2iTky cos2irlz
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A lso B i s  eq u a l to  zero  in  a l l  c a se s  and F, th e  s t r u c t u r e  f a c to r  i s  
eq u a l to  A+iB. S ince y=0 f o r  b o th  z in c  p o s i t io n s  e q u a tio n s  b and d 
s.re ze ro  fo r  any h ,  k , and 1 . T h is le a v e s  th e  s ig n s  o f  th e  h a l f  o f  
th e  d a ta  w ith  1 an odd number undeterm ined . F u r th e r  because  x i s  
ap p ro x im ate ly  1 /8 , e q u a tio n  c w i l l  be zero  when h=4n and eq u a tio n  a 
w i l l  be  ze ro  when h=2n b u t n o t 4n. These two c o n d itio n s  cause an o th e r 
e ig h th  o f  th e  d a ta  to  be c a lc u la te d  as zero  when th e  z in c  p o s i t io n  
a lo n e  was u sed . These phenomena a s s o c ia te d  w ith  th e  z in c  p o s i t io n s ,  
along  w ith  th e  two l i g h t e r  atoms which have y c o -o rd in a te s  o f n e a r ly  
z e ro , e x p la in  th e  r e l a t i v e l y  h ig h  p e rce n tag e  o f  weak and unobservab le  
r e f l e c t i o n s .
At t h i s  p o in t  two o f th e  l i g h t e r  atoms w hich la y  v ery  n e a r ly
a t  y=0 w ere p la ced  u s in g  th e  P a t te r s o n  fu n c tio n . These atoms were
2
l a t e r  i d e n t i f i e d  as and 0 These two atoms w ere th en  in c lu d ed  
in  th e  s t r u c tu r e  f a c to r  c a lc u la t io n s  along  w ith  th e  z in c  atom.
Because a l l  th re e  atoms have y c o -o rd in a te s  o f  z e ro , h a l f  o f th e  s t r u c ­
tu r e  f a c to r s  ag a in  c a lc u la te  as z e ro . However a s u f f i c i e n t  number o f 
th e  s ig n s  o f th e  s t r u c tu r e  f a c to r s  were w e ll enough de term ined  to  
w a rra n t c a lc u la t in g  F o u r ie r  e l e c t r o n  d e n s ity  maps f o r  b o th  t r i a l  z in c  
p o s i t io n s .  These maps were c a lc u la te d  u s in g  l e s s  th a n  h a l f  o f  the  
t o t a l  d a ta  and c o n ta in ed  a  f a l s e  m ir ro r  p la n e  a t  y=0. The f a l s e  
m ir ro r  p la n e  i s  a consequence o f th e  zero  c o -o rd in a te s  o f  th e  th re e  
atoms used  in  the  s t r u c t u r e  f a c to r  c a lc u la t io n s  to  de te rm in e  th e  s ig n s  
of th e  observed  d a ta .  I t  i s  caused  by h a l f  o f th e  d a ta  c a lc u la t in g  
as id e n t i c a l l y  zero  because o f  th e  form o f  th e  s t r u c t u r e  f a c to r  equa­
t i o n s ,  w hich was p re v io u s ly  d is c u s s e d . However even w ith  th e se
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d lsad v an tag es  th e  F o u r ie r  maps re so lv e d  th e  o v e rla p  and r e s u l t in g  
am bigu ity  in  placem ent o f  th e  atoms o f th e  f i r s t  g ly c y l re s id u e  which 
had been p re s e n t in  th e  P a t te r s o n  map.
With t h i s  in fo rm a tio n  i t  was now p o s s ib le  to  b eg in  a ttem p ts  
to  re s o lv e  th e  f a l s e  m irro r  p la n e . T his i s  done by a r b i t r a r i l y  choosing 
th e  m ir ro r  image o f  one atom as e x p la in ed  p re v io u s ly . At t h i s  p o in t 
th en  th e  f i r s t  g ly c y l re s id u e  was p la ced  by a r b i t r a r i l y  choosing one 
m ir ro r  immage. The p e p tid e  ch a in  p a s t  th e  f i r s t  p e p tid e  n it ro g e n ,  Ng, 
cou ld  n o t be p la ced  a t  t h i s  tim e because th e  am bigu ity  which p rev en ted  
th e  s o lu t io n  from th e  P a t te r s o n  fu n c tio n  s t i l l  e x is te d .
At th i s  tim e an o th e r s e t  o f  s t r u c tu r e  f a c to r s  was c a lc u la te d  
f o r  b o th  z in c  p o s i t io n s  and th e  seven l i g h t e r  atoms a s s o c ia te d  w ith  
each of them. The atom s, o th e r  th an  th e  z in c ,  which had been lo c a te d
f o r  b o th  t r i a l  s t r u c tu r e s  w ere: C '^ , 0 ^ , and 0^^.
Ng was m is tak en ly  assumed to  be 0^ and e n te re d  as an oxygen in  th e
s t r u c tu r e  f a c to r  c a lc u la t io n .  0^^ was assumed to  be an oxygen; how ever,
i t  was n o t i d e n t i f i e d  as p a r t  o f th e  p e p tid e  a t  th i s  tim e.
Only fo u r o f  th e se  l i g h t  atom s, N^, C '^ ,  and 0^ were n o t
t h e i r  own m irro r  image a c ro s s  th e  y=0 f a l s e  m ir ro r  p la n e . T h ere fo re  
only  th e se  fo u r c o n tr ib u te d  to  re s o lv in g  th i s  f a l s e  m irro r  p la n e .
F o u r ie r  e le c t ro n  d e n s ity  maps w ere c a lc u la te d  u sing  th e  ob­
se rv ed  s t r u c tu r e  f a c to r  m agnitudes and th e  s ig n s  o f th e  c a lc u la te d  
s t r u c tu r e  fsec to rs . Only th o se  s t r u c tu r e  f a c to r s  which had observed  
m agnitudes o f 9 .9  e le c tro n s  o r  g r e a te r  and which had c a lc u la te d  magni­
tu d es  o f th r e e - fo u r th s  o r  more o f  t h e i r  observed  m agn itudes, w ere in ­
c luded  in  th e  c a lc u la t io n  o f th e  F o u r ie r  maps.
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I t  was hoped, th a t  th e se  maps would have th e  two m ir ro r  images 
re so lv e d  fo r  a t  l e a s t  th e  p e p tid e  c h a in . However t h i s  was n o t th e  c a s e . 
Even so th r e e  more atoms w ere re so lv e d  from t h e i r  m ir ro r  images fo r  
each t r i a l  s t r u c tu r e  and th e  p o s i t io n s  o f  th e  atoms in  th e  f i r s t  g ly c y l 
r e s id u e  w ere im proved. For t r i a l  s o lu t io n  one, w ith  th e  z in c  z co­
o rd in a te  o f  0 .0 6 2 , th e  th re e  newly re so lv e d  atoms in c lu d e d  th e  ca rb o n y l 
oxygen o f th e  second g ly c y l  r e s id u e ,  0 ^ , which was m is ta k e n ly  i d e n t i f i e d
as a  n i t r o g e n .  T his was a  consequence o f  hav ing  m is id e n t i f ie d  as 0^
2
in  th e  p re v io u s  F o u r ie r  map. An oxygen l a t e r  found to  be 0 ^ was a ls o  
re so lv e d  as was an atom on th e  tw o -fo ld  symmetry a x i s .  T h is atom was 
th o u g h t to  be  an oxygen from a  w a te r  m o lecu le . I t  was l a t e r  found to  
be th e  s u l f u r  atom in  th e  s u l f a t e  io n . For t r i a l  s o lu t io n  two w ith  
th e  z in c  z c o -o rd in a te  o f 0 .188  th e  th r e e  new atoms w ere th e  rem ainder 
o f  th e  second g ly c y l r e s id u e ,  C 'g , and 0^ . In  t h i s  case  th e
p re v io u s  m i s id e n t i f i c a t io n  o f as 0^ was reco g n ized  a t  th i s  p o in t  
and c o r re c te d .
At t h i s  p o in t  i n  th e  in v e s t ig a t io n  each t r i a l  s o lu t io n  co n ta in ed
e lev en  a tom s, th e  z in c  p lu s  te n  l i g h t  a tom s. For t r i a l  s o lu t io n  o n e ,
w ith  z in c  a t  z= 0 .062, th ey  w ere: N^, C '^ ,  0 ^ , and 0^^ which
1 2w ere c o r r e c t ly  i d e n t i f i e d .  0 ^ and 0 ^ w ere in c lu d e d  as oxygens b u t 
had n o t been a ss ig n e d  to  th e  p e p t id e  a t  t h i s  p o in t .  A lso  in c lu d e d  b u t 
m is id e n t i f ie d  a t  t h i s  p o in t  w ere Og and which w ere i d e n t i f i e d  as 
and Og r e s p e c t iv e ly  and an u n id e n t i f i e d  atom which was th ough t to  be 
an oxygen from a w a te r  m o lecu le . For th e  second t r i a l  s o lu t io n  a l l  o f  
th e  atoms p la c e d  a t  t h i s  p o in t  w ere a ls o  c o r r e c t ly  i d e n t i f i e d  a t  t h i s  
tim e . These atoms w ere th e  z in c  w ith  a  z c o -o rd in a te  o f 0 .1 8 8 , N^,
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C '^ , Ng, 0 ^ 2 » C*2 » O2 ’ ^3 O^g. 0 ^ 2  was n o t y e t  a s s ig n e d  to
th e  p e p t id e  c h a in . Once a g a in  s t r u c t u r e  f a c to r s  w ere c a lc u la te d  fo r
b o th  t r i a l  s o lu t io n s  and F o u r ie r  e le c t r o n  d e n s ity  maps w ere th en
c a lc u la te d  u s in g  th e  r e s u l t s  o f th e  s t r u c tu r e  f a c to r  c a lc u la t io n s  in
th e  manner p re v io u s ly  d e s c r ib e d .
The F o u r ie r  map f o r  th e  s t r u c tu r e  in c lu d in g  z in c  p o s i t io n
one showed th e  com plete p e p tid e  c h a in  c le a r ly  re s o lv e d  from i t s  f a l s e
m ir ro r  im age. A lso two prom inent peaks appeared  a t  a d is ta n c e  o f  1 .5
Angstroms from th e  supposed w a te r  m olecu le  on th e  two fo ld  a x is .  I t
seemed l i k e l y  th a t  t h i s  was caused  by th e  p resen ce  o f  d is o rd e re d  w a te r
m o lecu les i n  th e  c r y s t a l  s t r u c t u r e .  T h ere fo re  t h i s  atom was removed
to  a llow  t h i s  re g io n  to  re s o lv e  i t s e l f  w ith o u t th e  in c lu s io n  o f  an
o u ts id e  b i a s .  A lso th r e e  new peaks w ere te n ta t i v e ly  a s s ig n e d  as
w a te r m o le c u le s . However, t h e i r  m ir ro r  images were n o t re s o lv e d . The 
1 2oxygens 0 ^ and 0 g , w ere now c o r r e c t ly  a ss ig n e d  to  th e  p e p tid e  c h a in . 
The m i s id e n t i f ic a t io n  o f  O2  and was a lso  c o r re c te d  as a r e s u l t  o f 
t h i s  F o u r ie r  map.
The F o u r ie r  e le c t r o n  d e n s ity  map f o r  th e  t r i a l  s t r u c tu r e  con­
ta in in g  z in c  p o s i t io n  two f a i l e d  to  re s o lv e  th e  t h i r d  g ly c y l re s id u e  
o f th e  p e p t id e  o r  any o f th e  o th e r  rem ain ing  atoms from t h e i r  f a l s e  
m ir ro r  im age. In  f a c t  a  com plete p e p tid e  ch a in  cou ld  n o t be found f o r  
e i t h e r  m ir ro r  image in  t h i s  map. I f  th e  two images a re  c a l le d  m irro r  
image A and m ir ro r  image B th en  t h i s  may be e x p la in e d  a s  fo llo w s .
G lycy l r e s id u e s  one and two p lu s  were p re s e n t in  th e  F o u r ie r  map 
b ecause  th ey  w ere used  f o r  th e  p rece d in g  s t r u c tu r e  f a c t o r  c a lc u la t io n s .  
Then was p re s e n t  in  image A b u t  n o t f o r  image B. C 'g  was p re s e n t
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in  image B b u t n o t in  image A. was p re s e n t fo r  b o th  images s in c e
2
i t  was i t s  own m irro r  image b u t 0  ^ was n o t found f o r  e i t h e r  m ir ro r
image A o r  B. This was a n e t  re g re s s io n  as th e  th re e  atoms C '^ ,
2
and 0  2  w ere p re s e n t f o r  b o th  m ir ro r  images b u t u n reso lv ed  in  th e  
p re v io u s  F o u r ie r .
On th i s  somewhat a r b i t r a r y  b a s is  z in c  p o s i t io n  one was taken  
as th e  c o r r e c t  z in c  p o s i t io n  and a ttem p ts  to  com plete th a t  t r i a l  s o lu ­
t io n  were co n tin u ed . A ll a tte m p ts  to  com plete th e  t r i a l  s t r u c tu r e  
in c lu d in g  z in c  p o s i t io n  two w ere d is c o n tin u e d . L a te r  more co n c lu s iv e  
ev id en ce  was found to  in d ic a te  t h a t  th e  second z in c  p o s i t io n  was indeed  
w rong.
S tru c tu re  f a c to r s  w ere a g a in  c a lc u la te d  and a  F o u rie r  e le c t ro n  
d e n s i ty  map computed f o r  th e  t r i a l  s o lu t io n  c o n ta in in g  z in c  p o s i t io n  
one. The atom on th e  tw o -fo ld  a x i s ,  which had been d e le te d  from th e  
s t r u c t u r e  f a c to r  c a l c u la t io n ,  re tu rn e d  in  th e  F o u r ie r  map. I t s  e le c ­
tro n  d e n s ity  was h ig h  enough in  t h i s  map to  in d ic a te  th a t  i t  was an 
atom c o n s id e ra b ly  h e a v ie r  th an  oxygen. A lso i t  had an ex trem ely  re g ­
u l a r  t e t r a h e d r a l  su rro u n d in g  a t  a d is ta n c e  o f 1 .5  A ngstrom s. The 
peaks f o r  th e se  su rro u n d in g  atoms were s l i g h t l y  h ig h e r  th an  any o f th e  
fo u r  i d e n t i f i a b l e  w a te r  m o le c u le s . These f a c t s  in d ic a te d  th a t  th e  
p re v io u s  s u p p o s itio n  o f d is o rd e r  was in c o r r e c t .  A c a r e fu l  c o n s id e ra ­
t io n  o f  th e  c ircum stances o f p re p a ra t io n  in d ic a te d  th a t  s u l f a t e  io n  
was th e  m ost p ro b ab le  id e n t i t y  f o r  t h i s  g rouping  o f  atom s. Q u a l i ta t iv e  
t e s t  on a  s o lu t io n  o f re d is s o lv e d  c r y s ta l s  d is c lo s e d  th e  p re sen ce  o f 
s u l f a t e  io n . In  a d d i t io n  to  th e  s u l f a t e  io n  fo u r  m olecu les o f  w a te r  
w ere found. Two o f th e se  w ere l ig a n d s  o f  th e  z in c  atom.
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Exam ination o f a  th re e  d im ensional model o f th e  compound in  i t s  
c r y s ta l  environm ent in d ic a te d  th a t  a l l  o f the  a v a i la b le  space  was 
f i l l e d  by th e se  atom s. Subsequent d if f e re n c e  F o u r ie r  maps in d ic a te d  
th a t  th e re  were no more atom s, o th e r  th a n  hydrogen atom s, in  th e  c r y s ta l  
s t r u c t u r e .  S tru c tu re  f a c to r  c a lc u la t io n s  over a l l  d a ta ,  u s in g  th e  atom ic 
p o s i t io n s  re v e a le d  by th e  p rev io u s  F o u r ie r  map y ie ld e d  a r e s id u a l  e r r o r ,
R o f 0 .2 2 9 . The r e s id u a l  R i s  d e f in e d  as
C ||k F  I -  |F I 
R = - °ElkFol
w here F i s  th e  observed s t r u c t u r e  f a c to r  and F i s  th e  s t r u c tu r e  f a c to r  o c
c a lc u la te d  from th e  assumed atom ic p a ram e te rs . This i s  compared to  a 
v a lu e  o f 0 .8 2 8 , th e  most p ro b ab le  v a lu e  fo r  random arrangem ent o f in ­
c o r r e c t ly  p la ced  atom s.
I t  i s  n ece ssa ry  to  examine a t  t h i s  p o in t th e  f i n a l  cho ice fo r  
th e  c o r r e c t  z in c  p o s i t io n .  T h is i s  n e c e ssa ry  because  th e  r e je c t io n  
was made on an a r b i t r a r y  b a s i s .  That i s  th e  phenomena on which th e  
cho ice  was made could  co n ce iv ab ly  have been caused  by p ic k in g  g ly c y l 
r e s id u e s  one and two of o p p o s ite  m ir ro r  im ages. I t  i s  u n l ik e ly  th a t  
t h i s  i s  th e  c a se , s in c e  th e  f r e e  ch o ice  o f image fo r  g ly c y l re s id u e  
one le d  to  th e  r e s o lu t io n  o f th e  two m ir ro r  images f o r  g ly c y l image 
two and th u s  d ic ta te d  which o f th e  two p o s s ib le  images was chosen. 
However i t  i s  u s e fu l  to  c o n s id e r  w hat o th e r  ev idence  i s  a v a i la b le  on 
which to  b ase  the  cho ice  betw een th e  two p o s s ib le  z in c  p o s i t io n s .
The most pow erfu l o f  t h i s  a d d i t io n a l  ev idence  r e s u l t s  from 
th e  p re sen ce  o f th e  s u l f u r  atom on a s p e c ia l  p o s i t i o n ,  th e  tw o -fo ld  
symmetry a x i s ,  in  one o f  th e  t r i a l  s o lu t io n s .  From th e  F o u r ie r  maps
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c a lc u la te d  u s in g  th e  r e s u l t s  o f th e  s t r u c tu r e  f a c to r  c a lc u la t io n s  in ­
v o lv in g  th e  z in c  p o s i t io n s  and th e  seven a s s o c ia te d  l i g h t  atom s, i t  
was obvious th a t  th e  two t r i a l  s t r u c tu r e s  w ere r e l a t e d  to  each o th e r  
by th e  same e q u a tio n  by w hich th e  two p o s s ib le  z in c  p o s i t io n s  were 
r e l a t e d .  That i s :  z^ = % -  Zg fo r  any atom , n o t on ly  th e  z in c  
atom s. Thus i t  i s  obvious th a t  on ly  the s ig n  o f  th e  w component, 
th e  component in  th e  z d i r e c t i o n ,  o f  th e  in te ra to m ic  v e c to rs  has 
been  changed. P a tte rs o n ^ ^  has shown th a t  th e  i n t e n s i t i e s ,  I ( h , k , l )  
a re  dependent on ly  on th e  atom ic com position  and th e  in te ra to m ic  
v e c to rs  o f  a c r y s ta l  s t r u c t u r e .  They a re  r e l a t e d  by th e  eq u a tio n :
If I^ (hki) = ki^ki = j + j i i  f ^ f j ( y i - y j ) + i ( = i - z j )
S ince  th e  i n t e r p r e t a t i o n  o f  F r i e d e l 's  Law d is c u s s e d  e a r l i e r  ho lds f o r
th e  in te ra to m ic  v e c to rs  as  w e ll  as atom ic p o s i t io n s  th e  two s t r u c tu r e s
12 13a re  th e n  hom om etric. ’ T hat i s  they  have th e  same m agnitudes in  
th e  components o f t h e i r  in te ra to m ic  v e c to rs  and th e r e f o r e  th e  same s e t  
o f i n t e n s i t i e s .  However, th e s e  argum ents h o ld  on ly  f o r  s t r u c tu r e s  
whose homom etric p a i r s  have t h e i r  co rresp o n d in g  atoms in  th e  same 
symmetry.
The consequence o f  an atom being  s i tu a te d  on a s p e c ia l  p o s i t io n  
i s  th a t  th e re  a re  few er o f  t h i s  s p e c ie s  in  th e  u n i t  c e l l  th an  would be 
re q u ire d  i f  th e  atom were lo c a te d  on a g e n e ra l p o s i t i o n .  In  th i s  case  
th e re  a re  only  fo u r  s u l f u r  atoms re q u ire d  by th e  symmetry o p e ra t io n s  o f  
th e  u n i t  c e l l ,  r a th e r  th a n  th e  e ig h t  re q u ire d  o f  atoms in  g e n e ra l p o s i­
t i o n s .  However th e  lo c a t io n  o f  th e  s u l f u r  atom in  t r i a l  s o lu t io n  two 
was n o t on th e  tw o -fo ld  a x i s .  T his i s  p re d ic te d  by th e  eq u a tio n
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r e l a t i n g  th e  two t r i a l  s o lu t io n s  and seen  in  th e  t r i a l  F o u r ie r  e le c tro n  
d e n s ity  maps. This f a c t  th en  le a d s  to  a s ig n i f i c a n t  d if f e r e n c e  in  th e  
in te ra to m ic  v e c to r  s e t  f o r  th e  two t r i a l  s t r u c t u r e s ,  w ith  th e  consequence 
th a t  they  a re  in  f a c t  n o t hom om etric.
For t r i a l  s o lu t io n  one, w ith  z in c  p o s i t io n  one and th e  s u l f u r  
on th e  tw o -fo ld  a x i s ,  one e x p ec ts  fo u r  v e c to rs  from s u l f u r  to  any 
atom in  th e  u n i t  c e l l ,  s in c e  th e re  a re  fo u r  s u l f u r  atoms p e r  u n i t  c e l l .  
For t r i a l  s o lu t io n  two, w ith  z in c  p o s ito n  two th e re  a re  e ig h t  s u l f u r  
atoms and one ex p ec ts  e ig h t  v e c to r s  from s u l f u r  to  any atom. T herefo re  
i t  sh o u ld  be p o s s ib le  to  use  th e  P a tte r s o n  fu n c t io n ,  w hich i s  sim ply 
a  mapping o f  th e  m agnitudes o f th e  components o f  th e  in te ra to m ic  v e c to r s ,  
to  d is t in g u is h  betw een th e  two p o s i b i l i t i e s .
G e n e ra lly , th e  h ig h e r  th e  peak h e ig h t o f  th e  peaks used to  make 
th e  d i s t i n c t i o n  th e  more r e l i a b l e  th e  r e s u l t s .  The h ig h e s t  peaks s u i t ­
a b le  fo r  t h i s  purpose a re  th e  z in c - s u l f u r  v e c to r s .  However because o f 
th e  y c o -o rd in a te  o f  th e  z in c  atom being  z e ro , th e  v e c to rs  which shou ld  
be m iss in g  i f  t r i a l  s o lu t io n  one i s  c o r re c t  in s te a d  o f t r i a l  s o lu tio n  
two a re  o f  th e  type u ,-v ,w  w h ile  th e  v e c to rs  p re s e n t  fo r  bo th  s o lu tio n s  
a re  o f  th e  type  u ,v ,w . Because th e  P a tte r s o n  fu n c tio n  re v e a ls  on ly  th e  
a b s o lu te  v a lu e  o f u ,v ,  and w th e  peaks from th e  two p o s s ib le  s t r u c tu r e s  
c o in c id e . The atom ic p o s i t io n s  and d e riv ed  P a t te r s o n  peaks fo r  th e  
z in c - s u l f u r  v e c to rs  in  th e  two p o s s ib le  s t r u c tu r e s  a re  l i s t e d  in  
T able 1. Thus, because  o f th e  co in c id en ce  o f th e  v e c to rs  in  T able 1 
i t  i s  obvious th a t  th e  d i s t i n c t i o n  between th e  two s t r u c tu r e s  cannot 
be made u s in g  th e  z in c - s u l f u r  v e c to r s .
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TABLE 1
Z in c -S u lfu r  V ecto rs  fo r  th e  T r i a l  S o lu tio n s  
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The n e x t h ig h e s t  peaks a re  th o se  caused by th e  s u l f u r - s u l f u r  
v e c to r .  These seven  peaks indeed  prove s u i t a b le .  The c o -o rd in a te s  
o f th e  th r e e  peaks common to  b o th  s t r u c tu r e s  and t h e i r  h e ig h ts  a re  as 
fo llo w s ;
u V w h e ig h t
% % 0 412
% 0.018 % 293
0 0.482 % 331
Because th e s u l f u r  atom i s  on a two- fo ld  a x is  f o r  t r i a l  s o lu t io n  one
th e se  th re e a re  th e  on ly  s u l f u r - s u l f u r  v e c to rs  ex p ec ted . The o th e r
fo u r  which a re  no rm ally  expected  c o in c id e  w ith  th e se  th re e  and th e
o r ig in  peak . The fo u r  a d d i t io n a l  peaks which would be expec ted  i f
t r i a l  s o lu t io n  two w ere c o r r e c t a re as  fo llo w s :
u V w h e ig h t
0 0 % 3500
0 0.482 0 - 2 1
% 0.018 0 -35
% % % 60
The peak h e ig h ts  a re  on a s c a le such th a t  130 i s  th e  expected  h e ig h t
o f a  s in g le  s u l f u r - s u l f u r  v e c to r .  The very  h ig h  v a lu e  o f th e  peak a t  
0 , 0 ,% i s  caused by fo u r  m u lt ip le  in t e r a c t io n s  o f  a l l  atoms which lay  
app rox im ate ly  in  th e  y=0 p la n e . T his o f  co u rse  in c lu d e s  th e  z in c  atoms. 
The o th e r  th re e  peaks f o r  t r i a l  s o lu t io n  two a re  below th e  p re d ic te d  
peak  h e ig h t fo r  a s u l f u r - s u l f u r  v e c to r .  S ince th e s e  v e c to rs  a re  n o t 
p re s e n t  in  th e  v e c to r  map t r i a l  s t r u c t u r e  two may be e lim in a te d  as a 
p o s s ib le  s o lu t io n .
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The ev id en ce  from th e  P a t te r s o n  map a lo n e  i s  c o n c lu s iv e  in  
e l im in a tin g  th e  second z in c  p o s s i b i l i t y .  When combined w ith  th e  
e x p e r im e n ta lly  found two to  one r a t i o  o f z in c  to  s u l f u r ,  w hich i s  p re ­
d ic te d  by th e  s t r u c tu r e  c o n ta in in g  z in c  p o s i t io n  one and th e  b e h a v io r 
o f  th e  F o u r ie r  e le c t r o n  d e n s ity  maps, d u rin g  e lu c id a t io n  o f th e  s t r u c ­
tu r e ,  th e  ev id en ce  in  fa v o r  o f  z in c  p o s i t io n  one i s  overw helm ing.
Thus i t  can be  s a f e ly  s t a t e d  t h a t  th e re  i s  no p o s s i b i l i t y  t h a t  th e  
wrong s t r u c t u r e  has been chosen .
CHAPTER V
REFINEMENT OF TRIAL STRUCTURE
A fte r  a l l  o f  th e  atoms were found by F o u r ie r  methods t h e i r  
p o s i t i o n a l  and th e rm al p a ram eters  were r e f in e d  by th e  b lo ck  d ia g o n a l 
l e a s t  sq u a re s  m ethod. To save com puter tim e a l l  atoms ex cep t th e  
z in c  were a ss ig n e d  i s o t r o p ic  tem p era tu re  f a c to r s  i n i t i a l l y .  At th i s  
s ta g e  o f  re f in e m en t th e  c o n t r ib u t io n  from any r e f l e c t i o n  to  th e  l e a s t  
sq u a res  sums was in c lu d ed  only  i f  Mf^I -  | f ^ | /  | f^ | < 0 .5 0 .  The
accep ted  c o n tr ib u t io n s  to  th e  l e a s t  sq u a res  sums were w eighted  by th e  
fu n c tio n
w = | f  1^/625 i f  | f  < 625 ' o '  o '
and
w = 625/ | f ^ |^  i f  | f ^ |^  > 625.
The | f ^ | used  was on th e  observed  r a th e r  than  th e  a b so lu te  s c a le .
This w e ig h tin g  scheme was used th roughou t th e  re f in e m e n t.
T his re fin e m en t was con tin u ed  u n t i l  th e  s h i f t s  in  th e  p a ra ­
m eters  w ere le s s  th an  o n e -h a lf  o f  th e  e s tim a te d  s ta n d a rd  d e v ia t io n .
At t h i s  p o in t  a l l  atoms w ere g iv en  a n is o t ro p ic  tem p era tu re  f a c to r s  
and th e  re fin e m en t co n tin u ed . The w eig h tin g  scheme and r e je c t i o n  
c r i t e r i a  employed fo r  th e  l e a s t  sq u ares  sums w ere th e  same as were 
used p re v io u s ly .  T his re fin em en t was con tinued  u n t i l  th e  s h i f t s  f o r  
a l l  p o s i t i o n a l  and tem p era tu re  p aram eters  were le s s  th an  o n e - th ird
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o f th e  e s tim a te d  s ta n d a rd  d e v ia t io n .
When th e  re fin em en t o f  th e  s t r u c tu r e  had reached  th i s  le v e l
i t  was a p p ro p r ia te  to  make c o r r e c t io n s  fo r  anomalous d is p e r s io n s .
The c o r re c t io n s  were made on th e  c a lc u la te d  s t r u c tu r e  f a c t o r s ,  F^,
r a th e r  th an  on th e  observed  s t r u c t u r e  f a c to r s  F . This method waso
employed because  i t  was in c lu d e d  in  th e  s t r u c tu r e  f a c t o r - l e a s t
14sq u are  program  which was b e in g  u sed . This method i s  e q u iv a le n t 
to  th e  method of P a tte rso n ^ ^  a p p lie d  to  e i th e r  | f^ - |  o r | f ^+| r a th e r  
th an  th e  mean v a lu e , ( |F^+ | + | f ^ - | ) / 2. While making th e  c o r re c t io n s  
in  t h i s  manner i s  perhaps e s t h e t i c a l l y  le s s  p le a s in g  th an  th e  method 
of P a t te r s o n  because of t h i s  m e th o d 's  noncorrespondence to  th e  phy­
s i c a l  m odel, i t  has th e  advan tage o f  a llow ing  th e  c o r re c t io n  t r  be 
made d u rin g  each cy c le  o f re f in e m e n t. P a tte r s o n  in d ic a te d  th e  d e s i­
r a b i l i t y  o f  making anomalous d is p e r s io n  c o r re c t io n s  d u rin g  su c c e ss iv e  
c y c le s  o f  re f in e m e n t. However th e  la b o r  invo lved  in  making th e  
c o r r e c t io n  had in  p r a c t ic e  p rev en ted  th e  accep tance  o f t h i s  p ro ced u re . 
The re fin e m en t was co n tin u e d , making anomalous d is p e r s io n  c o r re c t io n s  
on each c y c le ,  u n t i l  th e  s h i f t s  w ere once again  le s s  th an  o n e - th i rd  
o f th e  e s tim a te d  s ta n d a rd  d e v ia t io n s .
When th e  s h i f t s  had d im in ish ed  to  th i s  le v e l  a d if f e re n c e
F o u r ie r  was c a lc u la te d .  T h is F o u r ie r ,  w ith  c o - e f f i c ie n t s  F -F  , waso c
c a lc u la te d  u sin g  on ly  th o se  d a ta  w ith  a s in e  squared  o f th e ta  o f le s s  
th an  0 .4 5 . Using th i s  F o u r ie r  d if f e r e n c e  map 14 o f 18 hydrogen atoms 
w ere found. These hydrogen atoms w ere th en  in c lu d ed  in  th e  param eters  
l i s t  fo r  th e  s t r u c tu r e  f a c to r  c a lc u la t io n s  b u t w ere n o t r e f in e d  by 
l e a s t  sq u a re s . They were a ss ig n e d  i s o t r o p ic  tem p era tu re  f a c to r s  o f 0 .5
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p lu s  th e  l a s t  i s o t r o p i c  tem p era tu re  f a c to r  v a lu e  c a lc u la te d  fo r  th e  
atom to  w hich th ey  w ere bonded.
At t h i s  p o in t  in  the  re f in e m e n t th e  r e j e c t i o n  c r i t e r i a  fo r  
th e  l e a s t  sq u a re s  sums was changed. L e t be th e  minimum v a lu e  of 
an observed  w hich i s  co n s id e re d  to  be d is t in g u is h a b le  from th e
background i n t e n s i t y .  Then r e f l e c t i o n s  were in c lu d ed  in  th e  l e a s t  
sq u a re s  sums on ly  i f  th e  fo llo w in g  p a i r s  o f c o n d itio n s  w ere obeyed. 54
For F < F o m
in c lu d e  i f  | | F | -  | F |
M o  I I c '
f o r  F < F < 2F m o m
in c lu d e  i f  2 . 1  x IF
f o r  2 F < F < 3F m o  m
in c lu d e  i f  1 . 8  x I F I > I F ' c ' o
f o r  3 F < F < 4F m o m
in c lu d e  i f  2 . 0  x IF I > IF' c ' ' o
fo r  4P < F m o
in c lu d e  i f  2 .5  x F
> 2 ;
c ' ' o '
F^ was a s s ig n e d  a v a lu e  o f  5 .0  on th e  a b s o lu te  s c a le .  A f te r  two cy c le s  
o f l e a s t  sq u a re  th e  s h i f t s  w ere once a g a in  l e s s  th an  o n e - th i rd  o f th e  
e s tim a te d  s ta n d a rd  d e v ia t io n s .  The hydrogen atoms w ere removed from 
th e  p aram eter l i s t  and a s t r u c tu r e  f a c t o r  was c a lc u la te d .  A d if f e re n c e  
F o u r ie r  was c a lc u la te d  as b e fo re .  In  t h i s  d if f e r e n c e  map a l l  hydrogen 
atoms w ere lo c a te d .
These 18 atoms w ere a ss ig n ed  te m p era tu re  f a c to r s  in  th e  same 
manner as was p re v io u s ly  u sed . They w ere in c lu d ed  in  th e  s t r u c t u r e  
f a c to r  c a lc u la t io n s  b u t n o t th e  l e a s t  sq u a re s  scheme as b e fo re .  The
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l e a s t  sq u a re s  was con tin u ed  as b e fo re  u s in g  th e  new r e je c t i o n  scheme.
At t h i s  s ta g e  i t  was d ec id ed  to  make th e  anomalous d is p e r s io n
c o r r e c t io n s  u s in g  P a t t e r s o n 's ^  method r a th e r  th an  th e  method used
p re v io u s ly .  The c o r re c t io n s  w ere a p p lie d  to  th e  | F ^ |  ^ r a th e r  th an  th e
mean v a lu e  o f  + | f  |^ ) / 2 .  The c o r re c t io n s  were a p p lie d  on
each s u c c e s s iv e  c y c le  o f  s t r u c t u r e  f a c t o r - l e a s t  sq u a res  r a th e r  than
only  once as i s  g e n e ra l ly  done.
In  o rd e r  to  apply  th e  c o r r e c t io n s  in  t h i s  manner i t  was
14n e c e ssa ry  to  m odify th e  s t r u c t u r e  f a c to r  program  used . To make
th i s  change P a t t e r s o n 's  e q u a t io n , w hich was w r i t t e n  in  term s o f  th e  
r a t i o s  o f  A f' and A f '  to  f ,  th e  s c a t t e r in g  f a c t o r s .  P a t t e r s o n 's  
e q u a tio n  i s :
IF jI^  -  + 2 Z «i^(AA^ + BBp) -  2 a Z
+ i  i  < V l s  + '^2 r« 2 s> < V =  +
-  “ n  (« lr« 2 s  -  h s ^ 2 r ^ ^ \ h  '  '
A and B a re  th e  r e a l  and im ag inary  p a r t s  o f th e  s t r u c tu r e  f a c t o r  f o r  
th e  n o n -d is p e rs iv e  p a r t s  o f th e  s c a t t e r in g  f a c to r s  fo r  a l l  atom s.
A^ and a re  th e  c o n tr ib u t io n s  from th e  d is p e r s iv e  p a r t s  o f th e  
s c a t t e r in g  f a c to r  fo r  th e  r^ ^  atom . 6 ^^ = A f '^ / f ^  and 6 ^^ = A f '^ / f ^ .  
a i s  +1 f o r  and -1  fo r  |F _ |^ .  = A ^/f^  and = B ^ /f^ , th a t
i s  and a re  th e  g e o m e tr ic a l and th e rm al c o n tr ib u t io n s  o f  th e  r^ ^  
atom , summed over th e  symmetry r e l a t e d  p o s i t io n s .  The e q u a tio n  may 
be r e w r i t t e n  in  term s o f A f  and A f '  r a th e r  th an  6 ^^ and That
e q u a tio n  i s :
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l E\ | 2  = + 2AZ(Af H -  o A f "  K ) + 2BZ(Af' K + o A f ' H  )i ± i  r r r  r r  r  r  r
+ ZZ( Af  A f  H H + A f  ’ A f  ' H H + A f  A f  K K r s  r s r s  r  s r s  r s r s
+ A f "  A f  ’ K K ) -  aZ Z (A f A f  ' H K - A f  A f  ' H K r  s r s  r s  r  s r  s- s r  r  s
-  A f  A f "  H K + A f  A f"  H K ) .  r  s s r  s r s r
I t  was t h i s  e q u a tio n  which was used to  c a lc u la te  th e  anomalous d i s ­
p e rs io n  c o r r e c t io n s .
The re fin em en t was c o n tin u e d , making th e  anomalous d is p e r s io n  
c o r re c t io n s  on each c y c le , u n t i l  th e  s h i f t s  were once ag a in  le s s  
th an  o n e - th i rd  o f  th e  e s tim a te d  s ta n d a rd  d e v ia t io n s .  When th e  
s h i f t s  had d im in ished  to  t h i s  l e v e l ,  F o u r ie r  and d if f e r e n c e  F o u r ie r  
maps w ere c a lc u la te d  to  check th e  c o r re c tn e s s  o f th e  s t r u c t u r e .
These maps re v e a le d  no s ig n i f i c a n t  peaks ex cep t th o se  p re d ic te d  by 
th e  s t r u c t u r e .
At t h i s  p o in t th e  s t r u c tu r e  a n a ly s is  was com plete . The
observed  and c a lc u la te d  s t r u c tu r e  f a c to r s  a re  r e la te d  by th e  eq u a tio n
F = 1 .166  X F . The f i n a l  r e s id u a l ,  o r  R v a lu e  was 0 .065  over a l l  c o
r e f l e c t i o n s .  The f i n a l  e le c t r o n  d e n s i t i e s  f o r  each of th e  non­
hydrogen atoms i s  l i s t e d  in  ta b le  2 . The e le c t ro n  and d if f e r e n c e  
d e n s i t i e s  f o r  th e  hydrogen atoms a re  a lso  l i s t e d  in  ta b le  2 .
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TABLE 2a 
E le c tro n  D ensity  o f th e  Atoms
Atom H eight Atom H eight
Zn 60.2 1 .3
« 1
8 . 1 * 2 (* l) 0 .5
0 . 1 6 .7 0 .9
C 'l 7 .7 HgtCOi) 1 . 2
° 1
11.5 H (Ng) 0 .9
« 2
9 .3 HifCOg) 0 .9
^ 2
7 .6 0 .7
C' 2 7 .8 H (Ng) 1 . 1
° 2
9.7 H i(0 0 3 ) 0 . 6
«3 8 .4 * 2 (0 *3 ) 0 .7
C«3 7 .1 * i ( o " i ) 0 .7
^*3 7 .2 HgfO*!) 0 .7
0 '3 8 . 1
HifoPg) 1 .3
1 0 . 1 HgfoWg) 1 .4
9 .0 H i(0 " ,) 0 .7
9 .9 * 2 (0 * 3 ) 0 . 8
G-3 8 . 0 *1 (0 *4 ) 1 . 0






E le c tro n  D ensity  o f th e  Atoms from th e  D iffe re n c e F o u r ie r
Atom H eigh t Atom H eight
Zn -0 .8 0 0 .48
Ni _ 0 .06 0 .48
Cai - 0 . 0 2 Hi(COi) 0 .34
C 'l -0 .1 4 HgCCOi) 0 .54
0 .09 H (Ng) 0 .32
^ 2
- 0 .08 HifCag) 0 .41
€ « 2 0 .19 HgCCa,) 0 .51
C' 2 -0 .0 4 H (N3 ) 0 .42
° 2
-0 .0 6 HiCCOg) 0.32
«3 0.04 HgCCo,) 0 .43
0 0 3 -0 .0 6 0 .62
C ' 3 -0 .0 5 Hg(0 \ ) 0 .39
0 .06 0 .39
^ ' 3
-0 .1 3 0 .49
0 .31 HiCO*,) 0 .27
0 - 2
0 .31 0.37
0-3 -0 .0 9 H l(0*4) 0 .47
- 0 . 1 2 HgCO^) 0 .24
S -0 .8 0 •
-0 .3 5
«% - 0 . 2 1
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TABLE 3a
Atom X Y Z
Zn .37186(2) .49433(9) .06174(4)
.42408(16) .3213(5) .0154(3)
Ca^ .4009(2) .1533(7) .0028(4)
^*1 .35280(17) .1378(6) .0649(3)
.33002(12) .2638(4) .0949(2)
^2 .33577(15) - .0 1 5 7 (5 ) .0774(3)
Ca2 .2862(2) -.0 5 1 2 (6 ) .1228(4)
G' 2 .28811(17) -.0 7 6 6 (6 ) .2328(3)
°2 .32249(14) -.0 2 2 9 (5 ) .2851(3)
^3 .24725(17) -.1 5 8 8 (5 ) .2684(3)
€«3 .23857(18) -.1 8 7 5 (7 ) .3727(4)
^ ' 3
.19473(18) -.0 9 1 0 (6 ) .4184(5)
.16721(16) .0014(6) .3710(3)
°^3 .18912(12) -.1 1 1 6 (4 ) .5102(2)
.37096(15) .5741(7) ,1995(3)
0 -2 .41891(13) .7054(5) .0302(3)
0-3 .47572(13) .3182(6) .3672(3)
o \ .42189(18) .1153(5) .2425(4)
S .50000 .7411(3) .2500
.46026(17) .6379(6) .2953(3)
«% .47674(17) .8443(6) ,1737(3)
Atom





H i(0 0 3 ) 
« ^ (€ 0 3 )
* 1 (0 * 1
H2 (0 " i )
*1 (0 * 2 )
*2 (0 * 2 )
*1 (0 * 3 )
*2 (0 * 3 )
H i(0 \ )
* 2 (0 *4 )
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.355 - .1 0 6
.264 .040
.274 - .1 4 0
.225 - .1 0 9
.267 - .1 6 0









I s o t r o p ic  
Z Tem perature
Value





















+ ^ 22}^ ^ 2 3 ^^ ^1 3 ^^ + b22hk)]
Atom bll t»22 1)33 t>23 bi3 bi2
Zn .00120(1) .01206(9) .00351(3) .00070(8) -.00015(3) .00021(6)% .00129(7) .0155(8) .0040(2) .0017(7) .0003(2) .0001(4)
^,ï .00176(10) .0133(9) .0055(3) .0001(9) .0012(3) -.0008(5)
C'i .00106(7) .0178(8) .0040(3) .0012(8) .0000(2) .0001(4)
Ol .00115(5) .0101(5) .0051(2) -.0002(6) .0008(2) .0010(3)
N2 .00128(7) .0100(7) .0043(2) -.0013(6) .0013(2) .0008(4)
^ “2 .00132(9) .0109(9) .0044(3) -.0021(9) .0001(3) -.0013(4)C 2 .00114(8) .0106(8) .0038(3) -.0015(8) -.0002(2) .0002(4)
02 .00149(6) .0191(7) .0048(2) -.0016(7) -.0009(2) -.0021(4)
% .00133(6) .0170(8) .0034(2) -.0013(7) .0004(2) -.0010(4)
c ) .00137(9) .0153(9) .0036(3) .0003(8) .0009(2) .0004(4)
C 3 .00118(8) .0114(8) .0035(3) .0006(8) -.0004(2) -.0009(4)
0 1 3 .0 0 2 2 2 (8 ) .0385(10) .0041(2) .0032(8) .0 0 0 0 (2 ) .0085(5)
.00145(6) .0138(6) .0035(2) -.0004(5) .0003(2) .0005(3)
OWj^ .0 0 2 1 2 (8 ) .0300(9) .0032(2) -.0027(7) .0004(2) -.0078(5)
0 * 2 .00163(6) .0168(7) .0047(2) -.0014(6) .0007(2) -.0028(4)
0*3 .00189(7) .0263(9) .0045(2) .0 0 0 0 (8 ) .0003(2) -.0006(4)
0*4 .00235(9) .0227(10) .0105(4) -.0058(10) -.0013(3) .0006(5)
S .00131(3) .0180(3) .0047(1) .0 * .00041(9) .0 *
0 = 1 .0 0 2 1 1 (8 ) .0271(10) .0066(3) .0026(9) .0004(2) -.0029(5)
OS 2 .00266(9) .0190(8) .0060(3) .0014(8) -.0023(3) .0010(9)

















P r in c ip a l  Axes and D ire c t io n  C osines 
o f A n iso tro p ic  E l l ip s o id s
B l l I 2 I 3
3.25 .894 .444 -.0 4 0
3.11 - .4 0 7 .850 .332
2.52 .181 - .2 8 1 .942
4.14 .163 .926 .337
3.48 .943 - .2 4 6 .221
2.82 - .2 8 8 - .2 8 2 .914
5.40 .808 - .1 4 8 .569
3.60 - .3 7 2 .620 .690
3.25 .455 .770 - .  446
3.29 .123 .722 .679
2.85 .861 .261 -.4 3 5
2.73 .492 -.6 3 9 .590
4.14 .500 .099 .860
3.07 .641 .624 -.4 4 5
2.27 .379 - .3 3 1 .863
4.26 .746 .029 .664
2.94 .397 .781 - .4 8 1
2.03 - .5 3 3 .623 .571
3.88 .790 - .5 4 4 .280
3.47 - .4 5 3 - .2 1 2 .865
2 .28 .411 .811 .415
3.28 - .6 4 3 -.4 9 9 .580
2 .88 .765 - .4 4 1 .468
2.44 .022 .745 .665
5.47 - .5 3 2 .845 .035
4.29 - .5 4 7 -.3 7 6 .747
2.75 .645 .378 .663
4.63 - .4 0 4 .896 - .1 7 8
3.40 .888 .432 .156











B l l l 2 I 3
4.17 .692 .634 .343
3.76 - .5 5 7 .772 -.3 0 2
2.34 - .4 5 7 .018 .889
3.59 .764 -.5 5 0 -.3 3 5
2 .68 .396 .811 -.4 2 9
2.45 .508 .195 .838
11.07 .563 .823 .068
3.75 .733 - .  460 - .4 9 9
2.74 .379 -.3 3 1 .863
4.01 .899 .419 .120
3.46 - .3 9 0 .896 - .2 0 7
2.59 -.1 9 5 .139 .970
10.16 - .5 8 8 .804 - .0 8 3
3.29 .806 .577 - .1 2 4
2.34 .051 .140 .988
5.68 .698 -.6 6 7 .257
3.40 .177 .510 .841
3.07 .693 .542 - .4 7 5
6.80 - .1 4 1 .989 - .0 0 6
5.05 .978 .141 .149
3.30 - .1 4 8 - .0 1 4 .988
8.77 - .3 6 1 - .3 9 6 .843
5.95 .907 -.3 5 5 .222
5.17 .212 .846 .488
4 .64 .000 1.000 .000
3.79 - .7 0 2 .000 .711
3.21 .711 .000 .702
7.74 -.4 8 7 .865 .117
5.44 .673 .286 .681
4.31 - .5 5 5 -.4 1 1 .722
7.94 .900 .083 -.4 2 5
5.04 .066 .942 .326
3 .48 .428 -.3 2 2 .843
The B v a lu e s  correspond  to  i s o t r o p i c  te m p era tu re  f a c to r s  
a long  th e  th re e  p r in c ip a l  axes o f th e  v ib r a t io n  e l l i p s o id ,  
l ^ ,  I 2 » and Ig  a re  th e  d i r e c t io n  co s in es  o f  th a t  a x is  w ith  
r e s p e c t  to  th e  a , b , and c axes r e s p e c t iv e ly .
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TABLE 3d
L is t  of Observed and C a lc u la te d  S tru c tu r e  F a c to rs  






' i s l i  K i r : ! :
S : S '
i ' i i l  i l  iii j f  a»• Ml !• 1 • M* #» iu i« • • /r* m
, -, : s| ,'s
m'm• I, i* • 4 fW M*
ji* IIÎ
m  J i -  i : K
iiiins-:s..............   " • J z :
i ’l l  i l |  j 5  






. I t s  " , 7 4
S  -IS
1 1
Î i'!! '% '  -} ÎW
-4 0 -
TABLE 3d (Continued)
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CHAPTER VI
DISCUSSION OF THE STRUCTURE
The m ost Im m ediately  n o ta b le  f e a tu r e  o f th e  c r y s t a l  s t r u c tu r e  
o f  z in c  g ly c y l g ly c y l g ly c in e  i s  i t s  s e g re g a t io n  in to  an aqueous 
re g io n  and a p r o t e i n - l i k e  re g io n .  With th e  z in c  io n  as  th e  l in k  
betw een them, th e  p e p t id e  ch a in s  form i n f i n i t e  c h a in s ,  connected 
th rough  th e  b r id g in g  a c t io n  o f  th e  z in c  io n . The ch a in s  form an 
ex ten d ed , two s tra n d e d , c o i l  around a  tw o -fo ld  screw  a x is  p a r a l l e l  
to  th e  c a x i s .  These c o i l s  th e n  s ta c k  a long  th e  g l id e  p la n e  p a r a l l e l  
to  th e  be  p la n e  to  form an i n f i n i t e ,  p r o t e i n - l i k e  s h e e t  o f m a te r ia l .  
T his i s  c l e a r ly  shown in  f ig u r e s  2 and 5 .
The t r i p e p t i d e  m o lecu le s  a re  lin k e d  th ro u g h  th e  z in c  io n s .
The z in c  io n  i s  c h e la te d  by th e  amine te rm in a l n i t r o g e n  and th e  c a r ­
bony l oxygen o f th e  f i r s t  g ly c y l  r e s id u e .  The second p e p tid e  mole­
c u le  i s  bonded to  th e  z in c  th ro u g h  th e  n e g a t iv e ly  charged  oxygen o f 
th e  c a rb o x y la te  group o f  th e  ca rb o x y l te rm in a l o r  t h i r d  g ly c y l r e s id u e . 
Thus th e  z in c  io n  se rv e s  in  p la c e  o f a  p e p t id e  bond in  th e  fo rm atio n  
o f  th e  i n f i n i t e  p r o t e i n - l i k e  p e p t id e  c h a in s . The s u l f a t e  io n  i s  
lo c a te d  on th e  two fo ld  r o t a t i o n  a x is  p a r a l l e l  to  th e  b a x i s .  This 
s u l f a t e  io n  and th e  two w a te r  m o lecu les n o t bonded to  th e  z in c  io n  
form i n f i n i t e  columns o f  w a te r  and s u l f a t e  w ith  th e  two fo ld  r o ta t io n  
a x is  as  th e  c e n te r  o f th e  column. These columns do n o t p e n e tr a te  th e
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p r o te l n - l lk e  s h e e t .  T h is aqueous column i s  connected  to  th e  p e p tid e  
s h e e t th rough  hydrogen bonds from th e  z in c  l ig a n d s .
D isc u ss io n  o f  Z inc Surroundings 
The n a tu re  o f th e  bonds betw een a z in c  io n  and i t s  lig a n d s  i s  
a much avoided  s u b je c t .  N ot, however w ith o u t re a so n , fo r  th e  p o s s i­
b i l i t i e s  a re  many and complex and th e  means fo r  d is t in g u is h in g  between 
them a re  few and in c o n c lu s iv e . T h is p a u c ity  o f in fo rm a tio n  i s  bo th  
ex p e rim en ta l and th e o r e t i c a l  and i s  a  consequence o f  th e  f a c t  th a t  
z in c  i s  n o t a t r a n s i t i o n  m e ta l io n — i t s  3rd s u b s h e ll  i s  com plete .
Thus when an i r r e g u l a r  and unexpected  z in c  c o o rd in a tio n  was 
found i t s  p ro p e r d e s c r ip t io n  was n o t o bv ious . T here a re  s ix  p o te n t ia l  
l ig a n d s .  The z in c  to  l ig a n d  d is ta n c e s  f a l l  in to  th r e e  g roups. There 
a re  th r e e  d is ta n c e s  c lu s te r e d  abou t 2 .0  A ngstrom s, two more n ea r 2.16 
Angstroms and th e  s ix th  d is ta n c e  i s  2 .78 A ngstrom s. The atoms and 
d is ta n c e s  a r e ,  a t  2 .034 A°, 0^  a t  1.979 A°, a t  1.964 A°, 0^ a t
2.186 A°, oY a t  2.126 A° and ^ o i  a t  2.782 A°. The s p a t i a l  r e l a t io n ­al —c j
sh ip s  o f  th e se  atoms may be seen  in  f ig u re  1 and ta b le s  4a and 4b.
The f i r s t  q u e s tio n  which needs to  be answ ered i s :  I s  th e
s ix th ,  most d i s t a n t  atom, in  f a c t  a lig an d ?  There a re  s e v e ra l  circum ­
s ta n c e s  which make i t  p o s s ib le  th a t  th i s  i s  a l ig a n d . There a re  s e v e ra l  
s t r u c tu r e s  r e p o r te d ,^  which e x h ib i t  z inc-oxygen  d is ta n c e s  o f th i s  
m agnitude, and which have been p rocla im ed  bonded in t e r a c t io n s .  A lso 
th e  p re sen ce  o f th e  s ix th  atom has  caused d i s t o r t i o n  o f  th e  z inc  
su rro u n d in g  by s ig n i f i c a n t  amounts from any o f  th e  geo m etrie s  p re d ic te d  
by bonding th e o ry  fo r  atoms w ith  f iv e  l ig a n d s .  F u r th e r  z in c  bonding 




Zn go  o o o o
1.979
F ig u re  1 . The Z inc Ion  and i t s  L ig an d s.
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TABLE 4a
Comparison o f Z inc S urrounding  w ith  V alues f o r  Id e a l  
T r ig o n a l Bipyram id and T e trag o n a l Pyramid
Angle
Id e a l
T rig o n a l
Bipyram id Observed
Id e a l
T e tra g o n a l
Pyramid
o” ^-Zn-N^ 120° 1 2 1 .3 (2 )° 100°
0* l-Z n -0 i 90 9 4 .1 (2 ) 100
0*^-Z n-0"2 90 8 6 .6 (2 ) 100
120 100.0 (2 ) 100
N^—Zn-0^ 90 7 9 .5 (1 ) 88 .4
N^-Zn-0*2 90 9 5 .7 (2 ) 88 .4
90 9 0 .4 (1 ) 88 .4
° l - : * - - c ° '3 90 9 4 .6 (1 ) 88 .4
1 2 N .-Z n-^  0%  1 - c  j 120 138 .4 (2 ) 160
0^-Zn-0*2 180 174 .7 (1 ) 160
A verage d e v ia t io n  from t r ig o n a l  b ipyram id  i s  7 .3 ° . 
A verage d e v ia t io n  from te t r a g o n a l  pyram id i s  1 0 .1 ° .
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TABLE 4b
D is ta n c e s  o f  th e  L igands from th e  Zinc
Bond Length
Zn-N^ 2 .0 3 4 (4 ) &
1 .9 6 4 (3 )
Zn-0*^ 1 .9 7 9 (4 )
Zn-0^ 2 .1 8 6 (3 )
Zn-0*2 2 .126 (4 )
2 .7 8 2 (4 )
S tan d a rd  d e v ia tio n s  a r e  in  p a re n th e se s
—46-
TABLE 4c
Known Zinc Complexes w ith  P e n ta -c o o rd in a tio n
Compound R eference C o n fig u ra tio n
Z inc N -m eth y lsa licy a ld im in e 56 t r ig o n a l  b ipyram id
b is - a c e ty la c e to n a te  Z inc 57 t r ig o n a l  b ipyram id
monoaquo b is ( a c e ty la c e to n a te )  Zinc 58,64 in te rm e d ia te
Zn(Zn(S2CN(CH2)2)2.CgHgN 59 t r ig o n a l  b ipyram id
NN' d is a l ic y l id e n e  EDTA Zn 60 te tr a g o n a l  pyram id
Zn te tra p h e n y l p o rph ine  H2 O 61 te tr a g o n a l  pyramid
te rp y r id y ld ic h lo ro z in c 62,65 te tr a g o n a l  pyram id^
b is  1 - s e r in a to  z in c 63 te tr a g o n a l  pyram id
Zinc g lu tam ate  d ih y d ra te 21
2
te tr a g o n a l  pyram id
T his s t r u c tu r e  was i n i t i a l l y  d e sc r ib e d  as a d i s to r t e d  t r ig o n a l  b ipy ram id .
^The o r ig in a l  a u th o r  c o n s id e rs  th i s  s t r u c tu r e  to  be 5 su rrounded , how ever, 
o th e rs  have d is a g re e d .^
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TABLE 4d
L ea st Squares P lan e s  o f  th e  Z inc S urrounding
P lane
Atoms to  w hich
p la n e  was f i t t e d  E quation  o f  P lane*
I 0^^ ^^0 ^ 3  -15.565X -  6 .002y + 3.751z =: -8 .4 7 1
I I 0^^ ^^0 ^ 3  Zn 15.562X + 6 .007y -  3 .733z =: 8.487
I I I Ml ° 1  - c ° ^ 3  ^ ''2  2 .619x + 1 .360y + 13.321z = 2 . 1 2 1
IV Zn N, 0 , ^ 0^_ 0 ' ' -  2.642X + 1 .336y + 13.331z 
i  JL —C j  Z
= 2.188
*x, y , and z a re  ex p re ssed  in  f r a c t i o n a l  c o o rd in a te s .
D is tan ce s  from th e  P lan es  to  C e r ta in  Atoms
Atom P lane  I  P lan e  I I  P lan e  I I I P lan e  IV
Zn -0 .0 5 2  % 0 .039 & 0 .348  & 0 .278  &
Ml -0 .0 1 5  -0 .3 6 7 -0 .4 3 2
° 1
2.107 -2 .1 2 0  0 .367 0.302
-0 .1 8 4  0 .167- c  3
-0 .0 1 3  -0 .3 3 8 -0 .4 1 2- c  3
-0 .0 1 0  2 .290 2.219
“" 2
-2 .1 6 8  2 .156  0 .337 0.264
—48—
and one th e re f o r e  ex p ec ts  I r r e g u la r  c o -o rd in a t io n s .  F in a l ly  t h i s  oxygen 
l i e s  on ly  0 .167 A° from th e  l e a s t  sq u ares  p la n e  o f  th e  z in c  Ion  and I t s  
th r e e  n e a r e s t  l ig a n d s . T h is  d is ta n c e  I s  n o t an u n u su a lly  la rg e  de­
p a r tu r e  from p la n a r i ty  f o r  th e  fo u r th  lig a n d  o f  th e  b a s a l  p lan e  o f an 
o c ta h e d ra l  z in c  su rro u n d in g .
However I t  does n o t ap p ea r th a t  a z in c  oxygen d is ta n c e  o f 2 .78  A° 
shou ld  be c o n s id e re d  bonded, a t  l e a s t  fo r  t h i s  s t r u c t u r e .  P au llng^^  has 
developed an e m p ir ic a l form ula f o r  f r a c t io n a l  bond le n g th s .  I t s  r e s u l t s  
a re  a d m itte d ly  on ly  rough ap p rox im ations and depend on th e  bond le n g th  
w hich I s  a ss ig n e d  as a s in g le  bond. The e q u a tio n  I s
D(n) ■ D (l)  -  0 .60  log  n 
w here D(n) I s  th e  le n g th  o f  a  bond o f bond number n ,  n l e s s  th an  one 
and D (l)  I s  th e  assumed le n g th  o f  a s in g le  bond o f th e  same ty p e . I f  
th e  o th e r  z in c  oxygen bonds In  th e  p o s s ib le  b a s a l  p la n e  a re  assumed 
to  be  s in g le  bonds th e  s ix th  bond c a lc u la te s  to  have a  bond o rd e r o f 
l e s s  th an  0 .05  w hich I s  c e r t a in l y  n e g l ig ib le  In  view  o f  th e  accuracy  
of th e  e q u a tio n . Even I f  th e  second lo n g e s t z in c  oxygen d is ta n c e  I s  
used th e  bond o rd e r  I s  o n ly  0 .1 0 . F u r th e r  I t  I s  p ro b ab le  th a t  th i s  
lo n g e r assumed d is ta n c e  I s  n o t a p p l ic a b le  s in c e  I t  I s  p e rp e n d ic u la r  to
th e  proposed  b a s a l  p la n e , an o r ie n t a t i o n  which I s  p re d ic te d  to  be o f
17 22a d i f f e r e n t  bond ty p e  by many m o lecu la r o r b i t a l  c a l c u la t io n s .  '
A lso th e  p o s i t io n  o f  t h i s  atom may be e x p la in e d  more r e a d i ly
In  term s o f  f a c to r s  o th e r  th a n  a  bond to  th e  z in c  Io n . I t  I s  In  th e
2
same c a rb o x y la te  group as th e  0^ which I s  bonded to  th e  z in c . This 
o f co u rse  s e v e re ly  l im i t s  I t s  p o s s ib le  p o s i t io n s  s in c e  th e  p e p tid e  
ch a in  I s  f a i r l y  ex tended  and th e re fo re  has l i t t l e  freedom  o f movement
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rem ain in g . A lso t h i s  d i s t a n t  oxygen forms a r a th e r  s tro n g  hydrogen 
bond w ith  th e  w ater m olecu le  in  th e  proposed b a s a l  p la n e  o f a second 
z in c  io n . These two f a c t s  would seem to  ad eq u a te ly  e x p la in  th e  p o s i­
t io n  o f t h i s  oxygen. This e x p la n a tio n  coupled w ith  th e  n e g l ig ib le  
bond o rd e r  would seem to  r u le  ou t th e  p o s s i b i l i t y  o f any s ig n i f i c a n t  
bonding in t e r a c t io n  w ith  th e  z in c  io n . T h ere fo re  i t  i s  concluded 
th a t  th e  z in c  io n  has f iv e  l ig a n d s  r a th e r  th an  s ix .
Three o th e r  c r y s ta l  s t r u c tu r e s  in  which th e re  i s  a s im i la r
approach  to  th e  m e ta l io n  by th e  second oxygen have been p u b lish e d .
They a re  monoaquo c o p p e r( I I )  g ly c y lg ly c y lg ly c in a to  c h lo r id e  hem ihydrate
by Freemen, R obinson, and Schoone;^^*^ c o p p e r( I I )  g lu tam ate  d ih y d ra te
by Marsh and G ram acc io li;^ ^  and z in c ( I I )  g lu tam ate  d ih y d ra te  by 
21G ram ac c io li. In  a l l  th r e e  in s ta n c e s  th e  s ix th  atom would com plete 
a b ad ly  d i s to r t e d  o c ta h e d ra l su rround ing  by f i l l i n g  th e  second a x ia l  
p o s i t io n .  The two a x ia l  bond le n g th s  and th e  an g le  th e se  bonds make 
w ith  each  o th e r  a re ;  2.30 X ,  2 .82  X ,  and 148° f o r  th e  c o p p e r( I I )  
g ly c y lg ly c y lg ly c in a te  c h lo r id e ;  2 .30 X ,  2 .58  X ,  and 149° fo r  th e  z inc  
g lu ta m a te .
In  th e  o r ig in a l  p u b l ic a t io n s  none o f th e se  th re e  m e ta l ions 
were tho u g h t to  be o c ta h e d ra l ly  bonded. A ccording to  G ram accio li 
and M arsh, "The c o o rd in a tio n  about th e  copper atom i s  approx im ate ly  
sq u are  p la n a r ,  th e  sq u are  com prising  th e  two oxygens and a n itro g e n  
atom o f g lu tam ate  groups and a  w ate r m o lecu le . . . .  a f i f t h  atom ,
0 ( 2 ) o ccu p ies  an a x ia l  p o s i t io n  a t  2.30 X from th e  copper atom; a 
s ix th ,  0 ( 4 ) ,  a t  2.59 X and co n s id e ra b ly  d isp la c e d  from th e  o th e r  a x i a l  
p o s i t io n  com pletes a s e v e re ly  d i s to r t e d  o c t a h e d r o n . W h e t h e r  or
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n o t th e s e  a x ia l  atoms a r e  bonded to  th e  copper atom i s  n o t d is c u s se d .
In  th e  a r t i c l e  on z in c  g lu tam a te  G ram accio li r e f e r s  to  t h i s  copper
21su rro u n d in g  as "(4+1) c o o rd in a t io n ."  In  th e  d is c u s s io n  o f  z in c
21g lu ta m a te , G ram accio li, c a l l s  th e  z in c  su rro u n d in g  a te tr a g o n a l  
pyram id and n o te s  th a t  i t s  av e rag e  d e v ia tio n  from a r e g u la r  te t r a g o n a l  
pyram id i s  only 4 .0 ° .  In  th e  i n i t i a l  a r t i c l e  on c o p p e r ( I I )  g ly c y l 
g ly c y lg ly c in a to  c h lo r id e .  Freeman d e sc r ib e s  th e  bonding o f  th e  copper 
atom as " f iv e fo ld  c o o rd in a tio n ." ^ ^  He however n o te s  th a t  t h i s  may 
be th e  r e s u l t  o f a ccess  to  th e  s ix th  lig a n d  p o s i t io n  be in g  b locked
by th e  second oxygen o f th e  c a rb o x y la te  g roup . The f i r s t  oxygen
o f t h i s  group i s  bonded to  th e  copper atom.
However Freeman has changed h i s  p o in t  o f v iew . In  a rev iew
a r t i c l e  on m etal c h e la te s  o f  p e p t id e s  and amino a c id s^  he says th a t  
a l l  th r e e  a re  d i s to r t e d  o c tra h e d ra .  He view s th e  copper o c ta h e d ra  as 
a  sq u a re  p la n a r  s t r u c tu r e  w ith  fo u r  s tro n g  p la n a r  bonds and two w eaker 
bonds p e rp e n d ic u la r  to  t h i s  p la n e . The two w eaker bonds a re  allow ed 
to  assume f r a c t io n a l  bond o rd e rs  so th a t  th e  c o o rd in a tio n  number o f 
th e  copper io n  v a r ie s  by inc rem en ts  o f H from fo u r  to  s ix .  He th en  
a tte m p ts  to  e s ta b l i s h  a c o r r e l a t i o n  betw een th e  c o o rd in a tio n  number, 
th e  a b s o rp tio n  maxima o f th e  compound in  s o lu t io n ,  and th e  c o lo r  o f 
th e  c r y s t a l s .  The r e s u l t s  a re  rep roduced  in  T ab le  5 , which was taken  
from "Advances in  P ro te in  C h em is try ,"  volume 22 .^
In  doing th i s  he n e g le c ts  th e  f a c t  th a t  n e a r ly  a l l  c u p r ic  
io n s  a re  thought to  be sq u a re  p la n a r  w ith  two more d i s t a n t  lig a n d s  
when in  aqueous s o lu t io n .  S p e c i f ic a l ly  th e  complex CuCl2 (OH2 ) 2 » and
I I
th e  complex ions Cu(0 H2 )^  and Cu(NH^)^ a r e  o f  t h i s  ty p e . These
TABLE 5
Complex
L igand F ie ld s  and C o o rd in a tio n  Numbers in  C u (II)  Complexes 
Four c l o s e s t  l i g a n d  N e x t-n e a re s t  l ig a n d  Coord. C o lo r X max.
atoms atoms
C u(biu)2C l2
C u(G ly-G ly-G ly)C lil/Z H ^O  
C u(G lu).2H  0
Cu(G ly)2 'H 20
Cu(pro)2*2H20 
C u(e-A la)2‘ 6H20 
Cuè -NH2But) 2 • 2 H2 O 
C u (G ly - l-H is ) . l  1 /2  H2 O 
C u(G ly-G ly)*3 H2 O 
NaCu(Qly4Gly-Gly)
C u (B -A la - l-H is ) .2 H2 O 
K 2 C u ( B i u ) 2 • AHgO 
N a2C u(G ly-G ly-G ly-G ly)•10 H2 O 
Na2 C u(G ly-G ly-G ly-G ly$G ly). AHgO NH
0 = 0 = 0 = 0 = 2  C l - (2 .9 6 ) 6
NH2 0 = 0 " Cl 0 H 2 (2 .3 ) ,0 = (2 .8 ) 5
NHg 0 - 0 - OH2 0 = (2 .3 ) ,  0 = (2 .6 ) 5
NH„
NHR
Q- 0 " 0 - 0 H 2 (2 .4 ) . 0 = (2 .7 ) 5
NHR 0 - 0 " 2  0H 2(2 .5) 5
NH2 NHg 0 “ 0 “ 2 OH,(2 .5 ) 5
NH2 NH, 0 0 “ 2 OH (2 .5 ) 5
NH N Nim 0 “ 0 H 2 (2 .5 ) , 0 = (3 .0 ) 5
NH2 N Q- OH, 0H 2(2 .3) 5
NH2 N N 0 “ N (2 .6 ) 4
NHg N Nim 0 “ 0 H ,(2 .5 ) 4
NH NH NH NH - 4
NHg N N N - 4
) N N N - 4
np . o f 
Cu
B lu e -g re en  
3 /4  B lu e -g re e n  
3 /4  B lue 
1 /2  Blue 
1 /2  Blue 
1 /2  B lue 
1 /2  Blue 
1 /4  B lue 
Blue 
3 /4  V io le t  
3 /4  V io le t  -
V io le t -p in k  505 
V io le t-p in k  520 









Taken from an a r t i c l e  by H. C. Freeman in  R ecent Advances in  P r o te in  C h em istry . V ol. 2 2 .'
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th re e  io n s  show c o lo rs  which span  m ost o f  th e  c o lo r  range  e x h ib ite d  by
th e  compounds in  T able 5. CUCI2 (0 1 1 2 )2  forms g reen  c r y s t a l s  and h a s , in
78co n c e n tra te d  s o lu t io n s ,  an a b s o rp tio n  maxima a t  850 m ill im ic ro n s . In
d i l u t e  s o lu t io n  th e  compound h y d ro liz e s  to  g iv e  th e  Cu(0 H2 ) ^ ^  io n . The
w avelength  o f  th e  a b so rp tio n  maximum s h i f t s  from th a t  o f  th e  Cu(0 H2 )^
ion  to  850 m illim ic ro n s  g ra d u a l ly  as th e  c o n c e n tra tio n  o f  th e  s o lu t io n  
78 I I
i s  in c re a s e d . €0 (0 8 2 )^  i s  found in  c r y s ta l s  o f  CuS0 ^ . 5 H2 0 ) ;  th e  c ry -
II
s t a l s  a re  l i g h t  b lu e  and th e  CufOH^)^ io n  has an a b so rp tio n  maximum, in
7 7 I I
s o lu t io n ,  a t  about 800 m ill im ic ro n s . The Cu(NH^)^ io n  i s  found in  
c r y s ta l s  o f  CuS0 ^ . 4 NHg.H2 0  w hich a re  deep b lu e ; th e  s o lu t io n  a b so rp tio n  
maximum i s  about 600 m ill im ic ro n s .^ ^  Only th o se  compounds in  which th e  
lig a n d s  a re  d ep ro to n a ted  am ides a re  o u ts id e  th e  range  e x h ib i te d  by th e  
above th re e  com plexes. A more com plete d e s c r ip t io n  o f  t h i s  e x p la n a tio n  
and more o f  th e  ex p e rim en ta l ev id en ce  which su p p o rts  i t  may be found in  
Advanced In o rg a n ic  C hem istry by C o tton  and W ilkenson .^^  Exam ination o f 
T able 5 re v e a ls  th a t  th e  change o f  c o lo r  may be accoun ted  fo r  by th e  change 
in  th e  types  o f  l ig a n d s  r a th e r  th an  th e  change in  th e  number o f  lig a n d s  
p r e s e n t .  T his e x p la n a tio n , in  term s o f  th e  types  o f  l ig a n d s ,  would 
seem to  be s u p e r io r  to  an e x p la n a tio n  in  term s o f  th e  change in  th e  
number o f  l ig a n d s  because  i t  would change th e  o rd e r  i f  th e  two compounds 
C u ( g ly . l - H is ) l ^ # 2 0  and C u (G ly .G ly ).3 H2 O so th a t  th ey  would be in  th e  
r ig h t  o rd e r  w ith  re s p e c t  to  t h e i r  a b so rp tio n  maxima. F reem an 's exp lana­
t io n ,  in  term s o f th e  t o t a l  number o f  l ig a n d s ,  has them o u t o f  o rd e r 
w ith  r e s p e c t  to  t h e i r  a b so rp tio n  maxima.
I t  shou ld  be f u r th e r  n o te d  th a t  F reem an 's p rim ary  p o in t  i s  th a t  
th o se  complexes to  w hich he has a s s ig n e d  a  c o o rd in a tio n  number o f 
fo u r  in  th e  s o l id  s t a t e  w i l l  a l s o  e x h ib i t  th i s  low c o o rd in a tio n
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number in  s o lu t io n .  That i s  th e se  complexes w i l l  n o t bond to  two w a te r 
m olecu les to  form an o c ta h e d ra l complex upon b e in g  d is so lv e d  in  aqueous 
s o lu t io n .  The argum ents i n  fav o r o f th i s  p o in t a r e  q u i te  re a so n a b le . 
However i t  should  be p o in te d  ou t th a t  i t  i s  n o t n e c e ssa ry  to  a cc ep t 
th e  fo rm a tio n , in  th e  s o l id  s t a t e ,  o f  th e  h ig h ly  s t r a in e d  and e lo n g a ted  
a x i a l  bonds which he p o s tu la te s ,  in  o rd e r to  a c c e p t h is  prim ary th e s i s .
In  f a c t  Freeman p o in ts  o u t th a t  " i t  i s  u n l ik e ly  th a t  th e se  s t r a in e d  
Cu-0 bonds su rv iv e  d is s o lu t io n  o f th e  c r y s t a l . "  They a re  p robab ly  r e ­
p laced  w ith  w ate r m olecu les when in  s o lu t io n .
While th i s  d is c u s s io n  does n o t prove th e  n o n -e x is te n c e  o f  th e
p o s tu la te d  bonds i t  does show th a t  one i s  n o t fo rc e d  to  p o s tu la te  th e se
bonds in  o rd e r to  e x p la in  th e  observed  p r o p e r t ie s  o f th e  compounds.
I f  th e  p o s tu la te d  bonds a re  indeed  p r e s e n t ,  th e n  th e  s o l id  s t a t e  s p e c tr a  
o f th e  copper compounds shou ld  show a b n o rm a lit ie s  caused by th e  extrem e 
assym etry  o f th e  bond ing . Thus i t  should  be p o s s ib le  to  in v e s t ig a te  
th e  e x is te n c e  of th e se  bonds and re so lv e  th e  q u e s tio n .
The co n c lu s io n  th a t  th e  z in c  io n  has on ly  f iv e  lig a n d s  i s  j u s t i ­
f ie d  on ly  i f  th e  bonding i s  la rg e ly  co v a len t and n o t m erely  e l e c t r o s t a t i c .  
T his i s  because th e  geom etry o f  e l e c t r o s t a t i c  bonding i s  determ ined  
m ain ly  by space f i l l i n g  re q u ire m e n ts . I f  th e  bonding i s  co v a len t then
3
th e  z in c  io n  must use one o f  th e  sp d h y b r id iz a t io n  schemes, e i t h e r  a
74t r ig o n a l  bipyram id o r a sq u a re  pyram id. A lso a l l  o f th e  o r b i t a l s  m ust 
come from th e  fo u r th  main s h e l l .
There i s  e v i d e n c e , b o t h  ex p erim en ta l and th e o r e t i c a l ,  th a t  
th i r d  s e r ie s  t r a n s i t i o n  and p o s t t r a n s i t i o n  m e ta ls  use t h e i r  4d o r b i t a l  
to  form r a th e r  s tro n g  c o v a le n t h y b rid  bonds in  some com plexes. The most
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r e le v a n t  ex p e rim en ta l ev idence i s  th e  i s o l a t i o n  in  s o lu t io n  and in  th e
s o l id  s t a t e  o f  th e  o p t i c a l  isom ers o f  z in c  tr is e th y le n e d ia m in e  c h lo r id e
18 •and z in c  tr is e th y le n e d ia m in e  s u l f a t e .  W hile th e se  compounds a re
s ta b l e  fo r  on ly  a  few hours i n  s o lu t io n ,  even th i s  l im ite d  s t a b i l i t y
in d ic a te s  s ig n i f i c a n t  c o v a le n t c h a ra c te r  in  th e  bonds.
A ssu red , w ith  re a so n a b le  c e r t a in ty  th a t  th e  z in c  io n  i s
surrounded  by f iv e  c o v a le n tly  bound l ig a n d s , i t  i s  now u s e fu l  to
examine th e  geom etry o f  th e  bonding arrangem en t, ( f i g .  1 ) .  I t  was
n o ted  e a r l i e r  th a t  th re e  o f th e  l ig a n d s  w ere c lo s e r  to  th e  z in c  th an
th e  o th e r  two. These th re e  a r e :  N ,, oY and ^ 0^ . These th r e e  a re1 i —c j
e s s e n t i a l l y  c o -p la n a r  w ith  th e  z in c  io n  and th e  a n g le s  betw een them
a t  th e  z in c  io n  a re :
an g le  N^-Zn^^ 0 ^  i s  1 2 1  d e g re e s ,
an g le  0 ^  -  Z n ^  -^ ^ 0 ^ i s  1 0 0  deg rees
and an g le  ^^0^ -  Zn"*"*" -  i s  138 d e g re e s .
The bonds betw een th e  z in c  io n s  and th e  o th e r  two l ig a n d s , 0^ and 0^ 
make an g le s  o f  90±5 d eg rees  w ith  th e  bonds betw een th e  z in c  and th e  
th re e  c lo s e  l ig a n d s ,  ex cep t f o r  th e  one in v o lv in g  b o th  lig a n d s  o f  th e  
c h e la te  r in g  w hich i s  7 9 .5 ° . T his geom etry appears to  be b e s t  d e s ­
c r ib e d  as a m o d era tley  d i s to r t e d  t r ig o n a l  b ipyram id .
A sy s te m a tic  com parison o f  th e  an g u la r  d i s to r t io n s  o f  th e  
a c tu a l  bonding from o f  geom etry o f  e i th e r  th e  t r ig o n a l  b ipyram id  o r 
th e  te t r a g o n a l  pyram id may be found in  T able 4a . The a n g u la r  v a lu e s  
used f o r  th e  te t r a g o n a l  pyram id a re  th o se  su g g es ted  by G i l l e s p ie .
T his c o n f ig u ra t io n  m inim izes th e  e l e c t r o s t a t i c  re p u ls io n s  among th e  
l ig a n d s .  S t a t i s t i c a l  c o n firm a tio n  o f th e  c o r re c tn e s s  o f d e s c r ib in g
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th e  geom etry as  th a t  o f a d i s to r t e d  t r i g o n a l  b ipyram id  i s  a l s o  found 
in  T ab le 4a. T his a r i s e s  from th e  av erag e  d e v ia tio n  o f th e  observed  
an g le s  from th o se  o f  e i t h e r  id e a l iz e d  geom etry. The average  d e v ia t io n  
from th e  t r ig o n a l  b ipyram id  i s  7 .3 °  w h ile  th e  average  d e v ia t io n  from 
th e  te t r a g o n a l  pyram id i s  1 0 . 1 ° .
T ab le  4d l i s t s  some l e a s t  sq u a re s  f i t t e d  p la n es  th rough  th e  
z in c  su rro u n d in g . P lan es  I  and I I  a re  p la n e s  th rough  th e  lig a n d s  in  
th e  b a s a l  p la n e  o f  a  t r ig o n a l  b ipy ram id  su rro u n d in g . The r e le v a n t  
l ig a n d s  and th e  z in c  a re  v ery  c lo s e ly  c o -p la n a r  f o r  t h i s  geom etry . 
P lan es  I I I  and IV a re  th e  b a s a l  p la n e s  o f a  te t r a g o n a l  pyram id and a 
sq u a re  p la n a r ,  (4+1) pyram id r e s p e c t iv e ly .  The atoms used to  c a lc u la te  
th e se  p la n e s  a r e  o b v io u sly  n o t c o -p la n a r .  In  f a c t  th e  d e v ia t io n s  
approach th e  t e t r a h e d r a l  d i s t o r t i o n  found in  b i s ( 1 - s e r in a to )  z in c .
The m ajor d i s t o r t i o n ,  th a t  o f  th e  an g les  in  th e  b ase  p la n e  o f
1 2th e  t r ig o n a l  b ip y ram id , can be a s c r ib e d  to  th e  d is lo c a t io n  o f ^0 ^.
T his atom i s  p a r t  o f  th e  c a rb o x y la te  group on th e  p e p t id e .  T h e re fo re  
i t s  freedom  o f movement i s  s e v e re ly  l im i te d  by co n fo rm a tio n a l l im i t s  
o f th e  p e p t id e  c h a in . F u r th e r  t h i s  oxygen cannot move w ith o u t d i s ­
p la c in g  th e  o th e r  oxygen on th e  c a rb o x y la te  group and d is tu rb in g  i t s  
hydrogen bonding  and co n fo rm a tio n a l and packing  c o n ta c ts .  Thus i t  i s  
l i k e ly  th a t  t h i s  d i s to r t i o n  i s  th e  r e s u l t  o f  th e  c o n s t r a in ts  imposed 
on th e  s t r u c t u r e  by packing  c o n s id e ra t io n s .
The on ly  o th e r  r e a l l y  s i g n i f i c a n t  d i s to r t i o n  i s  th e  79 .5°  
N^-Zn-0^ a n g le . T h is i s  undoub ted ly  caused  by th e  f a c t  th a t  b o th  
atoms a re  in  th e  f i r s t  g ly c y l r e s id u e  and a re  th e  atoms th rough  which 
th e  p e p tid e  c h e la te s  th e  z in c  io n . Freeman^ p o in ts  o u t th a t  c h e la t io n
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r a r e ly  r e s u l t s  in  a s ig n i f i c a n t  d i s t o r t i o n  o f th e  p e p tid e  re s id u e  in ­
v o lv ed . T h is means th a t  t h i s  a n g le  i s  a fu n c tio n  o f th e  bond le n g th s  
betw een th e  m e ta l and th e  c h e la t in g  lig a n d s . T his h y p o th e s is  i s  
su p p o rted  by th e  N-Zn-0 an g les  in  th e  c h e la te  r in g s  o f  z in c  d i - 1 -  
s e r in e  and z in c - l - g lu ta m a te . The an g le  in  z in c  g lu tam ate  i s  7 9 .4 ° .^ ^
The two an g les  in  z in c  d i - l - s e r i n e  a re  7 9 .6 °  and 8 0 .0 ° .^ ^
There have been very  few z in c  s t r u c tu r e s  determ ined  by d i f f r a c -
19 20t io n  te c h n iq u e s  in  which th e  z in c  i s  unequivocab ly  f iv e  su rrounded . ’
A f a i r l y  com plete l i s t i n g  o f  th e se  s t r u c tu r e s  w i l l  be found in  T able 4c. 
The z in c  g lu tam ate  d ih y d ra te  s t r u c t u r e  has been d e sc r ib e d  as o c ta h e d ra l .^  
However, as d isc u sse d  p re v io u s ly  i t  does n o t seem l i k e ly  th a t  th e  s ix th  
lig a n d  i s  a c tu a l ly  bonded to  th e  z in c  io n .
There has been l i t t l e  th e o r e t i c a l  work done on f iv e  su rro u n d in g s . 
F u r th e r  what has been done i s  o f te n  c o n t r a d ic to ry .  V alence bond, 
m o lecu la r o r b i t a l ,  and e l e c t r o s t a t i c  r e p u ls io n  approaches to  p en taco - 
o rd in a t io n  a l l  y ie ld  th e  r e s u l t  th a t  th e  t r i g o n a l  b ipyram id  i s  th e  most 
s ta b l e  c o n f ig u ra tio n  fo r  d° and d^^ e le c t r o n ic  s t a t e s .  The most suc­
c e s s f u l  approach th u s  f a r  has been th rough  th e  u se  o f m o lecu la r o r b i t a l
c a lc u la t io n s  u s in g  m od ified  S la te r  o r b i t a l s  to  c a lc u la te  o v e rla p  i n t e -
17 22 17g r a l s .  ’ C raig  e t  a l .  have shown t h a t ,  fo r  a maximized o v erlap
in t e g r a l ,  th e  apex bond a re  p re d ic te d  to  be abou t te n  p e r -c e n t  lo n g e r
th an  th e  e q u a to r ia l  bonds. F u r th e r  th e  bonds a re  o f app rox im ate ly  th e
22same s t r e n g th .  C o tton  assumes a l l  f iv e  bonds to  be o f  th e  same le n g th . 
He th e n  shows th a t  th e  o v e rla p  i s  g r e a te r  fo r  th e  e q u a to r ia l  bonds than  
fo r  th e  a x i a l  bonds under t h i s  c o n d i t io n .
The th re e  z in c  lig a n d  bonds in  th e  e q u a to r ia l  p la n e  a re  o f norm al
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le n g th .  In  f a c t  they  a re  th e  le n g th  p re d ic te d  by th e  P au lin g  t e t r a h e d r a l  
c o -v a le n t r a d i i .  T his r e s u l t  i s  i n  agreem ent w ith  th e  c a lc u la t io n s  o f 
C raig  e t  a l , . ^ ^  T h e ir r e s u l t s  in d ic a te  th a t  th e  e q u a to r ia l  h y b rid  o rb i­
t a l s  each c o n ta in  tw e n ty -f iv e  p e r  c e n t 4s c h a ra c te r ,  s ix ty - s e v e n  per 
cen t 4p c h a ra c te r  and only  e ig h t  p e r  c e n t 4d c h a ra c te r .  Thus th ey  have 
e s s e n t i a l l y  th e  same com position  as t e t r a h e d r a l  o r b i t a l s .
The a x i a l ,  o r  apex , z in c  oxygen bonds a re  s ig n i f i c a n t l y  lo n g e r 
than  i s  p re d ic te d  by th e  t e t r a h e d r a l  r a d i i ,  about te n  p e r  c e n t lo n g e r.
This i s  th e  d i r e c t io n  and m agnitude o f th e  e lo n g a tio n  p re d ic te d  by C raig  
e t  a l . . ^ ^  I t  i s  tem pting  to  a rg u e  f o r  th e  c o r re c tn e s s  o f  th o se  c a lc u la ­
t io n s  i n  view o f t h i s  ex p e rim en ta l r e s u l t .  However, th e  e lo n g a tio n  i s  
no t found in  a l l  t r ig o n a l  b ip y ram id a l s t r u c t u r e s .  A s u i t a b l e  e x p la n a tio n  
o f t h i s  e lo n g a tio n  i s  n o t obv ious.
I t  sh o u ld  be p o in te d  o u t t h a t  t h i s  i s  th e  f i r s t  t r i g o n a l  b ipyram id 
su rro u n d in g  found fo r  z in c  w ith  l ig a n d s  w hich m ight be co n s id e re d  b io lo ­
g ic a l  i n  n a tu re .  A lso t h i s  i s  th e  l a r g e s t  o f th e  b io lo g ic a l  type  lig a n d s  
thus f a r  used w ith  z in c . The s t r u c tu r e s  p re v io u s ly  de term ined  w ere w ith  
l ig a n d s  w hich had le s s  freedom  o f movement th an  g ly c y l g ly c y l  g ly c in e .
Thus i t  i s  p o s s ib le  th a t  packing  c o n s id e ra tio n s  in f lu e n c e d  th e  z in c  
su rro u n d in g  to  a g r e a te r  e x te n t th a n  in  t h i s  s t r u c t u r e .  T h e re fo re  i t  i s  
p o s s ib le  th a t  th e  t r ig o n a l  b ipyram id  could  have an im p o rtan t r o le  in  th e  
b io c h e m is try  o f z in c .
S ince one o f th e  p r in c ip a l  reaso n s  fo r  d e te rm in in g  th e  m o lecu la r 
s t r u c tu r e  o f z in c  g ly c y lg ly c y lg ly c in e  was to  in v e s t ig a te  th e  d if f e re n c e s  
betw een th e  bonding geo m etrie s  o f  z in c  and copper ions in  b io lo g ic a l  
env ironm en ts, th e se  d if f e re n c e s  shou ld  be examined a t  t h i s  tim e . There a re
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th re e  p a i r s  o f w e ll  determ ined  copper and z in c  c h e la te s ;  th e  lig a n d s  a r e ,  
in  o rd e r  o f  in c re a s in g  co m p lex ity , 1 - s e r i n e ,  1 -g lu ta m ic  a c id ,  and g ly c y l­
g ly c y lg ly c in e .
The c o p p e r ( I I )  and z in c  io n s  in  th e  s e r in e  com plexes a re  b o th  
f iv e  c o o r d i n a t e d . T h e  g e o m e trie s  a re  b e s t  d e sc r ib e d  as d i s to r t e d  
sq u are  p la n a r  w ith  a  f i f t h  a x i a l  l ig a n d .  The fo u r  l ig a n d s  in  th e  base  
p la n e  a re  a l l  w ith in  0 .12  S o f th e  l e a s t  sq u are  p la n e  f i t t e d  to  th e se  
fo u r atoms in  th e  copper c h e l a t e . T h e  co rresp o n d in g  d e v ia t io n s  in  
th e  z in c  c h e la te  range from 0 .3 1  & to  0 .3 8  Two o f  th e  lig a n d s  in
th e  z in c  c h e la te  a re  ap p ro x im ate ly  0 .1  X above th e  z in c ,  a long  th e  d i r e c ­
t io n  p e rp e n d ic u la r  to  th e  l e a s t  sq u a re s  p la n e  th rough  th e  fo u r  l ig a n d s .
The o th e r  two a r e  app ro x im ate ly  0 .5  angstrom s below th e  z in c  along th e  
same p e rp e n d ic u la r  a x is .  Thus i t  cou ld  be s a id  t h a t  th e  a d d i t io n  o f th e  
f i f t h  l ig a n d  has  d i s to r t e d  t h i s  su rro u n d in g  from t e t r a h e d r a l  tow ard 
th e  (4+1) pyram id . T h e re fo re  th e  copper c h e la te  app rox im ates th e  id e a l  
(4+1) c o o rd in a tio n  much more c lo s e ly  th a n  does th e  z in c  c h e la te .
The d i f f e r e n c e s  betw een th e  bonding g eo m etrie s  o f  th e  copper and 
z in c  io n s  in  th e  g lu tam ate  s t r u c t u r e s  a r e  s im i la r  b u t more pronounced 
than  th o se  i n  th e  s e r in e  c h e l a t e s . As in  th e  s e r in e  c h e la te  th e  copper
21 75bonding i s  b e s t  d e sc r ib e d  as a sq u a re  p la n a r  p lu s  one, (4+ 1 ), arrangem en t. ’
21The z in c  s t r u c t u r e ,  how ever, i s  b e s t  d e sc r ib e d  as a t e t r a g o n a l  pyram id.
A ll f iv e  z in c - l ig a n d  bonds a re  ap p ro x im ate ly  o f th e  same le n g th ,  w h ile  th e  
f i f t h  bond in  th e  copper su rro u n d in g  i s  a p p re c ia b ly  lo n g e r .  In  b o th  of 
th e se  compounds th e  fo u r  lig a n d s  o f th e  b ase  p la n e  a re  p la n a r  w ith in  0 .03  8 .
The copper i s  d is p la c e d  from t h i s  p la n e  by 0 .15  8 , th e  z in c  by 0 .32  8 .
The copper su rro u n d in g  in  copper ( I I )  c h lo r id e  g ly c y lg ly c y lg ly c in e  
more c lo s e ly  resem bles th a t  in  c o p p e r ( I I )  s e r in e  th a n  th a t  in  c o p p e r( I I )
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g lu ta m a te . That i s  th e  fo u r  b a se  p lan e  lig a n d s  d e v ia te  a p p re c ia b ly  from 
46be in g  c o p la n a r . The bonding geom etry however i s  s t i l l  b e s t  d e sc r ib e d  
as a d i s to r t e d  (4+1) c o o rd in a tio n . As has been shown th e  z in c  bonding 
in  th e  g ly c y lg ly c y lg ly c in e  c h e la te  m ost c lo s e ly  approx im ates a t r ig o n a l  
b ipy ram id .
Thus in  th e se  th re e  c h e la te s  th e  c o p p e r( I I )  io n  dem o n stra tes  a 
s tro n g  p re fe re n c e  fo r  th e  sq u are  p la n a r  p lu s  one geom etry w h ile  th e  z in c  
has approxim ated  th re e  d i f f e r e n t  g e o m e trie s . In  a l l  s ix  c r y s ta l  s t r u c ­
tu r e s  th e  number o f lig a n d s  was th e  same, f iv e .  The m ost im po rtan t 
d i f f e r e n c e  betw een th e  z in c  and copper io n  in  b io lo g ic a l  environm ents 
seems to  be th a t  th e  z in c  bonding i s  much more l a b i l e  th an  i s  th a t  of 
th e  copper io n . T his im p ress io n  i s  enhanced by th e  f a c t  th a t  z in c  f r e ­
q u e n tly  e x h ib i t s  t e t r a h e d r a l  geom etry w h ile  c o p p e r ( I I )  has been known 
to  assume t h i s  geom etry on ly  in  a few o f i t s  complexes such as CuCl^~.
The Hydrogen Bonding Scheme
The re a d e r  i s  r e f e r r e d  to  ta b le s  6 a , 6b ,  6 c and 6 d of a sy s te m a tic  
p r e s e n ta t io n  o f th e  d is ta n c e  and a n g u la r  r e la t io n s h ip s  among th e  atoms 
in v o lv ed  in  th e  hydrogen bonds found in  th i s  compound. T able 6 e i s  a 
s y s te m a tic  p r e s e n ta t io n  o f th e  geom etry o f th e  bonded c o n ta c ts  o f each 
w a te r m o lecu le .
The most n o ta b le  th in g  abou t th e  hydrogen bonding arrangem ent i s  
th a t  i t  em phasizes th e  e x is te n c e  of two d i f f e r e n t  re g io n s  in  th e  c r y s ta l  
s t r u c t u r e ,  an anhydrous p e p tid e  re g io n  and an aqueous re g io n  around th e  
s u l f a t e  io n . The hydrogen bonding betw een th e  two re g io n s  i s  weak. The 
main l i n k  i s  th rough th e  z in c  io n . Both w a te r m o lecu les which a re  bonded 




Hydrogen Bond D is tan ce s  and Angles
Bond Atom X Atom Y D istance(X . ..Y ) A ngle(X -H ...Y )
I . . • • - c ° ^ l 3 .1 5 2 (6 ) X 171°
I I . . 3 .052 (6 ) 155
I I I Ng . . ' * -b ° ^ 2 3 .166(5 ) 161
IV N3  . , • • - b ° l 3 .152 (5 ) 170
V . 2 .597(5 ) 167
VI 2 .699(5 ) 154
VII 0 ^ 2  • • • • - c û ^ 2 .658(5 ) 168
V III 0 ^ 2 ' • . . 0® 2 2 .698 (5 ) 156
IX • • 2 .723(5 ) 142
X 2.768(6 ) 143
XI • • • -b ° ^ 2 2 .765 (6 ) 167
X II * * ^ 2 2 .858(6 ) 90*
* I t  seems l i k e ly  th a t  t h i s  in t e r a c t io n  i s  a van d e r Waal 
betw een th e  oxygen atoms r a th e r  th an  a  hydrogen bond
's  c o n ta c t 
. The reaso n s
fo r  t h i s  a re  d isc u sse d  in  th e  t e x t .
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TABLE 6b
O ther R elevan t D is tan ce s  and Angles in  th e  Hydrogen Bonds
Bond D istance(X -H ) D is ta n c e (H .. .Y) A ngle(Z -X .. .Y)
I N i-H i » r  • • C“ i- N i .  .
.858 & 2.30  X 9 5 .6 (3 )°
I I N1 -H2 H j. . . V 3 C *i-N i. .
.789 X 2 .31  X 1 1 3 .4 (3 )°
I I I Ng-H H. . - _yO 2 C*2 - * 2 ' ' • -b °  2
.943 X 2.24  X 1 1 3 .8 (3 )°
IV N3 -H C '2 -N3 . . • V l
.861 X 2 .29  X 109 .1 (3 )
V H j. . . V “" i -  ■ . V 3
.906 X 1 .31  X 95°
VI H r  • • H2-o" ^ .  .
.773 X 1 . 9 7  X 1 2 0 .4 (3 )°
VII • • - c ° ” 3 H2 - 0 ^ 2 " • • 1 / 3
.926 X 1 .74  X 93°
V III * 2 " - ' 0 ^ 2 • ■ 0 %
.814 X 1 .93  X 116°
IX Hi- • - 0*4 H2 -O 3 . .
.988 X 1.87  X 118°
X 0»3-H2 « 2 - • ' Hi -0 " 3 . .
1.420 X 1 .49  X 92°
XI ®2 ‘ " ' -b °  2 H ^-O ".. . 1 4 ■ -b °  2
1.093 X 1.677 X 107°
X II H^. . . O2 • “ 2
1.060 X 2 .64  X 67°
*See n o te  in  p reced in g  t a b le .
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TABLE 6 c
Van d e r W aals' C o n tac ts  Less th a n  3 .50  &






- V 2 3.18
« ' 3 lb=“ 2 3.16
= “ 2 S b °l 3.37
= “ 2 Z b , .c ° '3 3 .21
»"2 i c ^ ' 3 2 .43
TABLE 6 d
42Minimum C on tac t D is ta n c e s
N orm ally O uter
C on tac t Allowed L im it
C ...C 3 .20  X 3.00 X
c . . c 2.95 2.90
C. . .  0 2.80 2.70
C .. .N 2 .90 -  2.80
C .. .H 2 .40 2 . 2 0
0 . .  . 0 2.70 2.60
0 . .  .N 2 .70 2.60
0 . .  .H 2.40 2 . 2 0
N .. .N 2 .70 2.60
N ...H 2 .40 2 . 2 0
H .. .H 2 . 0 0 1.90
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TABLE 6e
Geometry o f th e  P o s s ib le  Bonding C on tac ts  o f th e  W aters
A. QW1
Angles a t  th e  W ater Oxygen
Angle e
H1 -OW1 -H2  102°
Zn-O ^i-Hi 119
Zn-QWi-H^ 136
Hydrogen Bond A cceptors Hydrogen Bond Donors
(6 0 ^3 , O^i) (none)
Angle 0
Zn-QWi-Golg 1 4 1 .4 (3 )°
Zn-OW^-OSi 120 .5 (2 )
O ^ l-O ^ 'l-M s  8 6 .3 (2 )
B. QW2
Angle





Hydrogen Bond A cceptors Hydrogen Bond Donors
(ZcO*3, 0*2) (bN2)
Angle 0 Angle g
Zn-OW2-ZcO*3 1 1 5 .1 (2 )°  Zn-0^2“bN2 9 7 .6 (1 )°
Zn-OW2“OS2 119 .9 (2 ) Zc0*3-0*2-bN2 126 .3 (2 )
0®2-OW2-ZcO''3 109 .2 (2 ) 0®2"0” 2"bN2 8 6 .5 (2 )
c. OWg
—64—
TABLE 6e -  continued
Angle a t  th e  w a te r oxygen H i-0 Wg-H2  110° 
Hydrogen bond a c c e p to rs  0*^ ,
Hydrogen bond donors % i ,  ^0 ^ 2
Angles between th e  hydrogen bonds
D. OW4
Angle e
OW4 -OW3 -OS1 105 .1 (2 )
139 .6 (2 )
0® QWg— 107 .2 (2 )
70*2-0*3-0®! 10616(2)
7o*2-0*3-3n^ 9 1 .4 (2 )
70*2-0*2-0*4 101 .7 (2 )
Angle a t  th e  w a te r oxygen Hi-0*^--H2  1 0 0 °
Hydrogen bond a c c e p to rs  .yOSg, ° 2 *
Hydrogen bond donors 0*^
Angles between th e  hydrogen bonds
Angle 0
0* 3- 0* 4 - 0 2 124 .1 (2 )
o V o V - b O ^ 114 .9 (2 )
0 2 -° V -b ° ® 2 103 .0 (3 )
* I t  seems l i k e ly  th a t  t h i s  i n t e r a c t io n  i s  a van d e r  Waals 
co n ta c t r a th e r  th a n  a  hydrogen bond; th e  reaso n s 
fo r  t h i s  a re  d is c u s se d  in  th e  t e x t .
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One o f  th e se  oxygens, 0 ^  form s th e  on ly  s tro n g  hydrogen bond 
w ith  th e  p e p t id e .  This hydrogen bond i s  between 0 ^  and^ 0 ^ ^ , one o f 
th e  atoms in  th e  c a rb o x y la te  g roup . The oxygen-oxygen d is ta n c e  i s  
2 .59  th e  s h o r te s t  hydrogen bond in  th e  s t r u c t u r e .  T h is bond i s  
expec ted  to  be e s p e c ia l ly  s tro n g  b ecau se  o f  th e  p a r t i a l  p o s i t iv e  charge 
on th e  donor atom and th e  p a r t i a l  n e g a t iv e  charge on th e  a c c e p to r  atom.
0 ^^ i s  th e  a c c e p to r  atom f o r  th e  second hydrogen bond formed by 0 ^^” .
The second oxygen bonded to  th e  z in c  a ls o  d o n a tes  b o th  o f i t s
hydrogen atoms fo r  hydrogen b o n d ing . Both bonds a re  s h o r te r  th an  th e
31"norm al" oxygen-oxygen d is ta n c e  o f  2 .75  angstrom s and th e re fo re  a re  
supposed to  be  s tro n g e r  th an  th e  u s u a l  oxygen-oxygen hydrogen bond.
A gain t h i s  i s  n o t s u r p r is in g ,  upon c o n s id e ra t io n  o f th e  p a r t i a l  charge 
on th e  donor and one o f th e  a c c e p to r  atom s. The a c c e p to r  atoms a re  0^^ 
a t  2 .698  X and a t  2 .658 X .  I t  i s  p o s s ib le  th a t  0 ^ ^  a ls o  acc ep ts
a hydrogen  from to  form a weak hydrogen bond. The n itro g en -o x y g en
d is ta n c e  i s  3 .166 X which i s  long  b u t s t i l l  w ith in  th e  a c c e p te d  l im i t s  
f o r  hydrogen  bond fo rm a tio n . Marsh and Donohue^^ r e p o r t  th a t  2.90 
angstrom s i s  th e  ty p ic a l  d is ta n c e  f o r  a  p e p tid e  hydrogen bond in v o lv in g  
th e  amide hydrogen . A lso th e  oxygen i s  s i tu a te d  v ery  n e a r  to  th e  ex tended  
a x is  o f th e  n itro g en -h y d ro g en  bond. However i t  i s  u n l ik e ly  th a t  th e  
hydrogen bond a c tu a l ly  e x i s t s .  F i r s t  th e  f a c t  th a t  t h i s  w a te r  m olecu le  
i s  one o f  th e  z in c  lig a n d s  makes i t  a v e ry  poor hydrogen bond a c c e p to r .
The geom etry o f  t h i s  p o s s ib le  hydrogen bond may be seen  in  f ig u r e  5. 
Secondly th e  z in c  and two hydrogens c o v a le n tly  bonded to  th e  oxygen form 
a t r i g o n a l  su rro u n d in g  r a th e r  th a n  th e  t e t r a h e d r a l  su rro u n d in g  expec ted  
fo r  th e  fo rm a tio n  o f  fo u r  bonds. The a n g le s  in v o lv ed  in  th e  su rro u n d in g s  
o f th e  w a te r  m o lecu les a re  l i s t e d  in  t a b le  6 e .
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As m entioned above a c c e p ts  a  hydrogen bond from I t  a lso
a c c e p ts  a  hydrogen bond from w hich i s  3 .052 S from T h is  d is ta n c e
i s  c o n s id e ra b ly  lo n g e r th an  th e  2 .80  to  2 .85  angstrom s^^ u s u a l ly  re p o r te d  
fo r  ammonium n itro g e n  to  oxygen hydrogen bonds. This i s  however th e  s h o r t ­
e s t  hydrogen bond in  t h i s  s t r u c t u r e  in v o lv in g  a p e p tid e  hydrogen . This 
w a te r a l s o  d o nates  b o th  o f i t s  hydrogens to  form hydrogen bonds. The 
hydrogens a re  donated  to  0 ^  and The oxygen-oxygen d is ta n c e s  a re
2.768 & and 2 .733 S r e s p e c t iv e ly .
0^^ a ls o  d o nates  a hydrogen to  th e  s u l f a t e  io n , s p e c i f i c a l l y  
0^^ hydrogen bonds to  a t  a d is ta n c e  o f 2 .76  angstrom s. T h is com­
p le te s  a  b r id g e  formed by 0 ^  and 0^^ betw een t r a n s l a t i o n a l ly  r e la te d  s u l ­
f a t e  io n s .  The t r a n s l a t io n  i s  a long  th e  b a x i s ,  th e  a x is  o f th e  aqueous 
column. Thus t h i s  aqueous column i s  a con tinuous s t r u c tu r e  h e ld  to g e th e r  
by hydrogen bonds. I t  i s  open to  q u e s tio n  w hether o r n o t th e  o th e r  
hydrogen in  0^^ i s  in v o lv ed  in  hydrogen bonding . 0^^ i s  2 .858 S from Og, 
however th e  d if f e re n c e  F o u r ie r  used  to  lo c a te  th e  hydrogen atoms shows 
th e  0^ -hydrogen  a x is  as  n e a r ly  p e rp e n d ic u la r  to  th e  l i n e  betw een th e  
0^ -Og a x i s .  There i s  a b s o lu te ly  no peak betw een th e  two oxygen atoms 
which m ight be a hydrogen atom . F u r th e r  th e  in t e r n u c le a r  s e p a ra t io n  o f 
th e  two oxygen atoms ag ree s  w e ll  w ith  th a t  p re d ic te d  by th e  P au ling^^^  
van d e r  Waals r a d i i  o f 1 .40  angstrom s fo r  oxygen. I t  sh o u ld  a ls o  be 
no ted  th a t  when i s o t r o p ic  te m p e ra tu re  f a c to r s  w ere r e f in e d  0^^ had a 
te m p era tu re  f a c to r  o f 6 .6  compared to  4 .5  fo r  th e  o th e r  w a te r  n o t
bonded to  th e  z in c . T his in d ic a te d  more freedom o f movement and p robab ly  
le s s  bon d in g . T h ere fo re  perhaps th e  hydrogen p o s i t io n  shown by th e  
d i f f e r e n c e  F o u r ie r  i s  c o r r e c t  and 0^^ i s  in v o lv ed  in  only  two hydrogen bonds.
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From th e  p reced ing  d is c u s s io n  i t  should  be c l e a r  th a t  th e  en v iro n ­
ment o f th e  w a te r m olecules c o n ta in s  two f e a tu re s  which cou ld  be co n sid e red  
abnorm al. These f e a tu re s  a re  th e  p o s s ib le  accep tance  o f a hydrogen bond 
by 0 ^ 2 , which i s  one o f th e  z in c  l ig a n d s , and th e  f a i l u r e  o f one o f th e  
hydrogen atoms on 0^^ to  e n te r  in to  th e  fo rm ation  o f  a hydrogen bond.
E xam ination o f th e  hydrogen bonding an g les  in  T able 6e re v e a ls
th a t  th e  w a te r  m olecule 0^^ i s  su rrounded  by a d i s to r t e d  t r ig o n a l  pyram id.
This i s  n o t u s u a lly  co n sid e red  one o f  th e  geom etries  fa v o ra b le  to  hydrogen
bond fo rm a tio n . However th e  b ipyram id  has appeared  in  th e  c r y s ta l  s t r u c -
79tu re  o f sodium p e rx en a te  o c ta h y d ra te .
I t  i s  d i f f i c u l t ,  i f  n o t im p o ss ib le , to  e x p la in  th e  ap p aren t non­
fo rm atio n  o f a hydrogen bond betw een 0^^ and 0^ . The an g le s  l i s t e d  in  
Table 6e in d ic a te  th a t  0^^ cou ld  donate  a hydrogen to  form a hydrogen 
bond w ith  0^ w ith o u t d is ru p t in g  th e  o th e r  hydrogen bonds in  which i t  
p a r t i c ip a t e s .  However th e  hydrogen atom i s  no t lo c a te d  in  a p o s i t io n  
such th a t  th e  bond i s  form ed.
There i s  one o th e r  n o ta b le  f e a tu r e  which in v o lv e s  a w a te r mole­
c u le . This f e a tu r e  i s  th e  la rg e  a n iso tro p y  in  th e  th erm al param eters  o f 
0^^  ^ and These a re  th e  two atoms invo lved  in  hydrogen bond V. The
m ajor axes o f the rm al e l l ip s o id s  o f  th e  two atoms in  th e  hydrogen bond 
a re  very  n e a r ly  p a r a l l e l  and a lm ost p e rp e n d ic u la r  to  th e  bonds which h o ld  
th e se  two atom s. There i s  no r e a d i ly  ap p aren t e x p la n a tio n  f o r  th e se  
la rg e  a n is o t r o p ie s .  F req u en tly  such incongruous a n is o t ro p ie s  a re  th e  
r e s u l t  o f  d is o rd e r  w ith in  th e  c r y s t a l .  This shou ld  be co n sid e re d  as a 
p o s s i b i l i t y  even though th e  e x a c t n a tu re  o f th e  d is o rd e r  i s  n o t made 
c le a r  by exam ination  o f th e  f i n a l  F o u r ie r  maps, th e  r e s u l t  o f  which i s
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g iv en  in  ta b le  2 o r  by exam ination  o f  a th re e  d im en sio n a l m odel.
The amine te rm in a l n i t r o g e n ,  N^, i s  in v o lv ed  in  two weak hydrogen
bonds. I t  d o nates  hydrogens to  ^0^^ and to  - The n i t ro g e n  oxygen
d is ta n c e s  a re  3 .052 X and 3 .152 X r e s p e c t iv e ly ,  s i g n i f i c a n t l y  lo n g e r
th an  th e  "norm al" v a lu e  o f  2 .85  angstrom s. T his i s  th e  t h i r d  hydrogen 
*
bond f o r  which 0^ i s  th e  a c c e p to r  oxygen. I t  i s  n o t u n u su a l f o r  a
s u l f a t e  to  acc e p t a th i r d  hydrogen bond, e s p e c ia l ly  i f  th e  donor i s  an 
41ammonium io n .  N^, as p re v io u s ly  d is c u s s e d , p robab ly  does n o t e n te r  
in to  th e  fo rm a tio n  of a hydrogen bond.
T here i s  on ly  one p o te n t i a l  hydrogen bond betw een th e  p e p tid e  
c h a in s . T h is i s  from to  T his bond, i f  i t  e x i s t s ,  i s  very
weak, th e  n i t ro g e n  to  oxygen d is ta n c e  i s  3 .152 X .  The N^-H a x is  i s  
c o in c id e n t w ith  th e  Ng-0^ bond. T h e re fo re  th e  geom etry i s  fa v o ra b le  to  
hydrogen bond fo rm a tio n ; th e  d is ta n c e ,  how ever, i s  u n fa v o ra b le . F u r th e r  
0^ i s  th e  ca rb o n y l oxygen in v o lv ed  in  th e  fo rm atio n  o f th e  c h e la te  r in g  
w ith  th e  z in c  io n . This would be  expec ted  to  reduce i t s  a b i l i t y  to  
acc ep t a hydrogen bond. T h e re fo re  a t  b e s t  t h i s  hydrogen bond i s  very  
weak. T h is  may be seen  in  f ig u r e  5.
Thus a l l  tw elve hydrogens cap ab le  of hydrogen bonding  could  be 
invo lved  in  a hydrogen bond. The su lfa te -a q u e o u s  column has a rran g ed  
i t s e l f  to  maximize i t s  i n t e r n a l  hydrogen bonding betw een i t  and th e  
w a te r m o lecu les w hich a re  z in c  l ig a n d s .  The hydrogen bonds formed by 
th e  p e p tid e  hydrogens a re  v ery  weak and appear to  have l i t t l e  e f f e c t  on 
th e  co n fo rm ation  o f  th e  p e p tid e  c h a in . There i s  on ly  one p o s s ib le  
hydrogen bond betw een th e  anhydrous p e p tid e  re g io n  and th e  aqueous column 
and i t s  e x is te n c e  i s  q u e s tio n a b le .  T h is la c k  o f  in f lu e n c e  by hydrogen
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bonding fo rc e s  i s  in  marked c o n t ra s t  to  th e  im p o rtan t r o le  o f hydrogen 
bonding in  uncomplexed p e p t id e . A lso in  th e  CaClg complex o f  g ly c y l 
g ly c y l g ly c in e  th e  com bination  o f  hydrogen bonding and m e ta l-c a rb o n y l 
oxygen bonding fo rc e s  th e  p e p t id e  ch a in  in to  an u n fa v o ra b le  co n fo rm atio n .
The S u lf a te  Ion
The s u l f a t e  io n  i s  s i tu a te d  on a two fo ld  r o ta t io n  a x i s ,  one
o f th e  c r y s ta l lo g r a p h ic  symmetry o p e ra tio n s  p re s e n t  in  t h i s  s t r u c t u r e .
T h e re fo re  th e re  a re  o n ly  two in d ependen t bond le n g th s  and th re e  an g le s
needed to  com ple te ly  d e s c r ib e  t h i s  s u l f a t e  io n . A ll  o f th e  an g les  a re
w ith in  one and h a l f  d eg rees  o f  th e  t e t r a h e d r a l  an g le  o f  109.5 d e g re e s .
The bond le n g th s  a re  th e  same. The ex p e rim en ta l v a lu e  o f 1 .445 angstrom s
31ag ree s  w ith  th e  expec ted  v a lu e  o f  1 .45  angstrom s. From th e se  v a lu es  
i t  i s  re a so n a b le  to  conclude th a t  th e  n e g a tiv e  charge  on th e  s u l f a t e  io n  
i s  e q u a l ly  d i s t r i b u te d  among th e  fo u r  oxygens.
TABLE 7
Bond D istance Angle 0
s-O i 1 .445(4) S. Oi-S-Oj 109 .4 (2 )°
S-Og 1.445(4) O^-S-^Oi 110.8(3)
108.2(3)
Geometry o f th e  P e p tid e  
The p e p tid e  bond d is ta n c e s  and an g le s  a re  g e n e ra l ly  e x p la in e d  in  
term s o f  th e  resonance  s t r u c tu r e s  A and B, shown on th e  n ex t page.
F ig u re  2. The ac P ro je c t io n  o f Zn(ggg).^g0^.4H 20
w ro
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Bond le n g th s  and A ngles in  th e  T r ip e p tld e  M olecule*
Bond Length Angle 0
1 .482 (7 ) R * i - c * i - c ' i 1 1 0 .1 (4 )°
1 .505(7 ) c V c ' r t 115 .3 (4 )
C 'l -O i 1 .240 (6 ) 0 i - c ' i - c “i 120 .7 (5 )
C 'l-N a 1 .318 (7 ) 0 1 - C 1 -N2 123 .8 (4 )
»2 -C° 2 1 .4 4 8 (7 ) C 'i-N 2 - c “ 2 122 .3 (4 )
C % -C '2 1 .510 (7 ) » 2 -C*2 -C ' 2 114 .8 (4 )
C '2 - 0 2 1 .216(6 ) C °2-C '2-»3 113 .6 (4 )
C 2 -N3 1 .335 (7 ) 02-C '2-C*2 123 .6(4)
V < = “ 3 1 .453(7 ) O2 - C 2 -N3 123 .7 (5 )
C%-C' 3 1 .506 (7 ) C'2-N3-C=3 123 .5(4)
C '3 - 0 ' 3 1 .212(6 ) ^ 3 "^ 3 “ ^ ' 3 115 .9 (4 )
C 3-0^3 1 .267(6 ) c“3 -C '3 -0^3 122 .3 (4 )
C“3 -C 3-0^3 115 .2 (4 )
0 I 3 - C 3-0^3 122 .4 (4 )
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TABLE 8b
Average V alues in  P e p tid e s  and M e ta l-P e p tid e  Complexes
P e p tid e s  
(Marsh and Donohue)
M etal Complexes 
(Freeman)
Bond



































*S tandard  d e v ia tio n s  a re  in  p a re n th e s e s .
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TABLE 8c
L east Squares P lan es  o f - th e  P e p tid e  Chain
P lan e  Atoms to  which E quation  o f  th e  p lan e*
p la n e  was f i t t e d
I  Oi N2  C“i  C 'l  14.132% -  .420y + 11 .361z -  5.639
I I  N2  C 'l  C®2 13.365% -  .661y + 11 .583z -  5.334
I I I  C“ ÿ C^2 °2 ^ 3  12.806% -  6.890y -  1 .664z -  3 .818
IV C« 2  C' 2  Û2  Ng C° 3  12.476% -  6 .966y -  1 .428z -  3.776
V c “ 3 C' 3  0 ^ 3  0 ^ 3  16.102% -  6.103y + 2 .4% 3z/- 3 .598
* X, y ,  and '£ a re  e x p re sse d  In  f r a c t i o n a l  c o o rd in a te s .
D is tan ces  from th e  p la n e s  to  c e r t a in  atoms
Atom P lane  I P lan e  I I Atom P la n e  I I I . 1 P lane  :
°1 —.008 A .001 A C®2 - .0 0 3  A - .023  A=
«2 -.007 .060 C' 2 .012 .019
c“ i — .006 -.045 O2 -.005 -.001
C 'l .021 .035 N3 - .004 .031
C*2 -.176 -.051 C*3 -.099 -.026
Atom P lan e  V
C“ 3 .001 A
= ’ 3 - .005
0^3 .002
0=3 .002
Figure 3 . Bond D istan ces in  th e  T rip ep tid e  M olecule







Figure 4 . Bond Angles in  the T rip ep tid e  M olecule
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U n fo r tu n a te ly  th e re  have been  v ery  few p e p tid e  s t r u c tu r e s  done w ith  
s u f f i c i e n t  accuracy  to  make f e a s ib le  a  q u a n ta tiv e  d is c u s s io n  o f  th e  
bond ing . A lso many o f  th e  compounds s tu d ie s  have been  o b ta in ed  under 
c o n d itio n s  o f  h ig h  pH. However some g e n e ra l tre n d s  have been e s ta b ­
l i s h e d .  These tre n d s  in c lu d e  co n firm a tio n  of th e  g e n e ra l c o r r e c t ­
n ess  o f  P a u l in g 's  h y p o th eses  concern ing  p e p t id e  group dim ensions and 
a llow ed  p e p tid e  c o n f ig u r a t io n s . A lso th e  use o f ca rb o n y l oxygen as 
a  t r a n s i t i o n s  m e ta ls  lig a n d s  has been e s ta b l is h e d .
The bond d is ta n c e s  and an g le s  found in  z in c  t r i g ly c i n e  a re  a l l  
w ith in  th e  e x p e rim e n ta lly  e s ta b l is h e d  range o f v a lu e s .  The bond d i s ­
ta n c e s  and an g les  a re  in  F ig u re s  3 and 4 and T ab le  8a. The bonding 
o f  th e  p e p t id e  m olecu le  i s  so  r e g u la r  th a t  on ly  a few o f th e  v a lu es  
d e v ia te  from th e  a v e ra g e ^ ^ ’^^ v a lu e s  found in  s e v e r a l  c o m p ila tio n s .
The v a lu e s  from th e se  co m p ila tio n s  a re  found in  T ab le  8b. The bond
d is ta n c e s  a re  a lso  in  agreem ent w ith  th o se  p u b lish e d  f o r  z in c  g ly c y l-
■t  ^ 5b g ly c in e .
The d is ta n c e  o f  1 .482 X in  z in c  t r i g ly c i n e  i s  n o t s i g n i ­
f i c a n t l y  d i f f e r e n t  from th e  1 .49  & found as an av erag e  o f  s e v e ra l  com- 
* 5bp lex ed  p e p t id e s  by Freeman. N e ith e r  i s  i t  much d i f f e r e n t  from th e  
v a lu e s  o f  1 .4 8  & and 1 .46  & found in  z in c  g ly c y lg ly c in e . The d is ta n c e s  
f o r  th e  bonds Ng-C^g and a re  1.448 & and 1 .453  X r e s p e c t iv e ly .
T his i s  n o t s i g n i f i c a n t l y  d i f f e r e n t  from d is ta n c e s  o f  1 .44  and 1 .46  
angstrom s in  z in c  g ly c y lg ly c in e  and 1 .46  angstrom s as an average o f
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s e v e ra l  complexed o r c h e la te d  p e p t i d e s . T h e  bond an g le s  a t  th e  p e p tid e
n itro g e n s  Ng and a re  122 .3°  and 1 2 3 .5 ° . These a re  w ith in  a s ta n d a rd
d e v ia tio n  o f  th e  average  v a lu e  o f  123°. For pu rposes o f  com parison th e
C°*-C’ bond a re  g e n e ra lly  b roken  In to  two g ro u p s, th o se  In  which C' I s
p a r t  o f  an  amide group and th o se  In  which C  I s  p a r t  o f  a carboxy l g roup .
The two C°-C* bonds which te rm in a te  In  amide g ro u p s , and
have le n g th s  o f 1 .505 and 1 .510 angstrom s r e s p e c t iv e ly .  The
d is ta n c e s  found In  z in c  g ly c y lg ly c in e  a re  1 .50 and 1 .51  angstrom s.
Marsh and Donohue^^* g iv e  1 .51  angstrom s as th e  av erag e  fo r  n o n -c h e la te d  
3âp e p t id e s .  Freeman g iv e s  1 .53  angstrom s as an av erag e  In  c h e la te d
s t r u c t u r e s .  The bond appea rs  s h o r t  when compared to  Freem an's
average v a lu e . However t h i s  av erag e  I s  h e a v ily  w eigh ted  w ith  copper
c h e la te s  w hich a re  bonded th rough  a  d ep ro to n lzed  p e p tid e  n it ro g e n ; t h i s
a l t e r s  th e  bond le n g th s  a p p re c ia b ly .
The C°g-C 'g bond w hich te rm in a te s  In  a  ca rb o x y l group has a
le n g th  o f  1 .506  angstrom s. T his I s  d e f in i t e l y  s h o r te r  th an  th e  le n g th s
o f 1 .52  and 1 .54  angstrom s found In  z in c  g ly c y lg ly c in e  o r  1 .52 and 1.527
angstrom s av erag e  v a lu es  g iv en  by Freemen^^ and Marsh and Donohue^^^
r e s p e c t iv e ly .  However I t  I s  w ith in  th r e e  s ta n d a rd  d e v ia tio n s  of the
average v a lu e s  and one o f  th e  le n g th s  found In  z in c  g ly c y lg ly c in e .
Thus I t  I s  p ro b ab ly  n o t s i g n i f i c a n t .
The most Im p o rtan t mechanism f o r  r e l i e v in g  s t r a i n  In  p e p tid e
m olecu les I s  th e  d efo rm atio n  o f  th e  N -C °-C  bond a n g le . The most
commonly o ccu rln g  v a lu e  I s  111° f o r  p e p t i d e s . V a l u e s  o f  105° to  115°
a re  common how ever, and one s t r u c t u r e  has been re p o r te d  w ith  a  v a lu e  o f  
o 42125 . The v a lu es  In  t h i s  s t r u c t u r e  a re  In  th e  norm al ran g e . In  th e
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amine te rm in a l r e s id u e ,  th e  an g le  i s  1 1 0 .1 ° , alm ost e x a c tly
th e  average  v a lu e . The v a lu e s  f o r  th e  two p e p tid e  group a n g le s ,
Ng-C^g-C'g s r s  114 .8° and 115 .9°  r e s p e c t iv e ly .  I t  i s  
n o t ap p a re n t what s t r a i n s  have caused th e se  two an g les  to  deform in  
th i s  m anner. The co n fo rm a tio n a l an g les  in  t a b le  10 in d ic a te  th a t  i t  i s  
n o t an in t e r n a l  s t r a i n .  Perhaps i t  i s  sim ply s t r e t c h in g  between two 
z in c  io n s  and over an o th e r  p e p tid e  c h a in .
The bonding around C’^ i s  i n  agreem ent w ith  th e  p u b lish e d  
a v e ra g e s .^  The C '^ -0 ^  bond le n g th  i s  1 .240 angstrom s compared to  
1.24& and 1.26& in  z in c  g ly c y lg ly c in e .  Freeman^ g iv e s  an average  o f 
1 .24  angstrom s f o r  C=0 bonds when th e  oxygen atom i s  complexed w ith  
a  m e ta l io n . The C' d i s t a nc e  i s  1 .318 X ,  compared to  1 .31  angstrom s 
g iv en  by Freeman^ and 1 .32  angstrom s found in  z in c  g ly c y lg ly c in e .^  The 
th re e  bond a n g le s , c " ^ -C '^ -0 ^ , C^^-C '^-N g, and O^-C'^-Ng a re  1 2 0 .7 ° ,
1 1 5 .3 ° , and 123.8° r e s p e c t iv e ly .  This ag ree s  w ith  th e  averages g iv en
40 5by Marsh and Donohue r a th e r  th an  th o se  o f  Freeman. The Marsh and
Donohue^^ v a lu es  a re  1 2 0 .5 ° , 116°, and 123 .5° r e s p e c t iv e ly ,  th o se  o f
Freeman a re  119°, 115°, and 126°. This d isc re p a n c y  i s  p robab ly  caused
by th e  f a c t  th a t  F reem an 's v a lu e s  a re  h e a v ily  w eigh ted  w ith  compounds
c h e la te d  through d ep ro to n lzed  p e p tid e  n it ro g e n  atom s.
The bonding around C '^  shows s ig n i f i c a n t  d e v ia tio n s  from th e  
av e rag es  o f March and Donohue^^^ f o r  uncomplexed p e p t id e s ,  t h i s  p e p tid e  
group i s  a ls o  uncom plexed, and th e re fo re  a com parison i s  v a l id .  The 
an g le s  C^g-C 'g-Og, ^*2~*^*2~^3’ Og-C'g-N^ a r e  1 2 3 .6 ° , 1 1 3 .6 ° , and 
1 2 3 .7 ° , r e s p e c t iv e ly .  These d i f f e r  s i g n i f i c a n t l y  from th e  average  v a lu e s  
o f  1 2 0 .5 ° , 116°, and 1 2 3 .5 ° , ex cep t fo r  th e  t h i r d  a n g le . The C'g-Og
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bond i s  1 .216 &, s ig n i f i c a n t l y  s h o r te r  th an  th e  1 .24  angstrom s l i s t e d
by Marsh and Donohue. The 1.335 X ^*2~^3 d is ta n c e  i s  lo n g e r th an  th e
"averag e"  v a lu e  o f  1 .325 angstrom s b u t n o t s i g n i f i c a n t l y .  An ex am ination
43o f th e  co n fo rm a tio n a l an g le s  and packing  d is ta n c e s  in d ic a te s  th a t  th e  
d e fo rm a tio n , as in  th e  case  o f  th e  Ng-C^g-C'g bond an g le  d e fo rm a tio n , 
i s  n o t caused  by th e  n e c e s s i ty  to  r e l i e v e  an i n t e r n a l  s t r a i n .
The s t r e t c h in g  proposed  to  e x p la in  th e  ex tended  N-C^-C' bond 
an g les  in  th e  second and th i r d  p e p t id e  re s id u e s  f a i l s  fo r  t h i s  deform a­
t io n .  The s t r e t c h in g  would be ex p ec ted  to  In c re a s e  th e  C^^-C'g-Ng bond 
a n g le . I n s te a d  t h i s  an g le  has c o n tra c te d .  T h e re fo re  a n o th e r  e x p la n a tio n  
m ust be found.
The on ly  f e a s ib l e  e x p la n a tio n  i s  th a t  pack ing  fo rc e s  and van der 
W aals’ r e p u ls io n  a re  re s p o n s ib le  f o r  th e se  a n g u la r  d e fo rm a tio n s . The 
p a r t i c u l a r  van d e r Waals c o n ta c t i s  betw een 0^ and 0^^ . The su ccess  of 
t h i s  argum ent o f co u rse  depends upon th e  absence o f a hydrogen bond 
betw een th e s e  two atom s. E x perim en ta l ev idence  f o r  th e  absence o f t h i s  
hydrogen bond was d isc u sse d  e a r l i e r .  T h is re p u ls io n  would apply  fo rc e  
in  th e  d i r e c t io n  re q u ire d  by th e  d e fo rm a tio n  o f th e  an g le s  N g-C^g-C 'g, 
C^g-C 'g-N g, and C°^ 2“ *^ ’2~^2’ absence o f t h i s  hydrogen bond a lso
g iv e s  r i s e  to  an e x p la n a tio n  f o r  th e  sh o rten ed  2~^2 and th e
p o s s ib ly  le n g th en ed  C'g-Ng bond. The e x c e p tio n a lly  weak hydrogen bond 
formed by i s  a ls o  a f a c to r  in  t h i s  d e v ia t io n  o f  bond le n g th .  In  
term s o f th e  resonance  s t r u c t u r e s ,  A and B, in tro d u c e d  e a r l i e r ,  th e se  
bond le n g th  d e v ia t io n s  co rrespond  to  an in c re a s e  in  th e  c o n t r ib u t io n  o f 
form A. I t  sh o u ld  now be n o ted  t h a t  th e  averages^^^  a re  tak en  from 
s tro n g ly  hydrogen bonded s t r u c t u r e s .  F u r th e r  hydrogen bonding would
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tend  to  s t a b i l i z e  resonance  s t r u c tu r e  B and th e re fo re  in c re a s e  i t s  c o n t r i ­
b u tio n  a t  th e  expense o f form A. Thus a non-hydrogen bonded amide would 
be ex p ec ted  to  have a l a r g e r  c o n tr ib u t io n  from resonance  s t r u c tu r e  A.
T his i s  indeed  th e  e f f e c t  observed  and th e  most p ro b ab le  e x p la n a tio n  
o f th e  d e fo rm a tio n  o f th e  second p e p tid e  re s id u e .
There i s  a  sm all b u t p ro b ab ly  r e a l  d e v ia tio n  from p la n a r i ty  
o f th e  p e p tid e  group d e v ia t io n s  a re  shown in
T able 8c . The d e v ia t io n  co rresp o n d s to  a two d eg ree  r o ta t io n  about 
th e  C'g-Ng bond. This i s  th e  an g le  omega two (wg) in  T able 10. This 
g rouping  i s  g e n e ra l ly  tho u g h t to  be p la n a r  because o f th e  h igh  c o n t r i ­
b u tio n  o f  resonance  s t r u c t u r e  B to  th e  bonding in  p r o te i n - l ik e  m a te r ia l .  
T h e re fo re  t h i s  sm all d e v ia tio n  i s  a ls o  c o n s is te n t  w ith  an in c re a se d  
c o n t r ib u t io n  o f resonance form A.
T here i s  a s im i la r  d efo rm atio n  of th e  f i r s t  p e p t id e  group , 
C °^ -(C '^ -0 ^)-N 2 -C °^ . This d e v ia t io n  from p la n a r i ty  co rresponds to  a
5 .5  d eg ree  r o ta t io n  about th e  C' ^ - ^ 2  bond. This d e v ia tio n  i s  a common
5coccu rren ce  in  c h e la te d  p e p tid e  g ro u p s . This r o ta t io n  would reduce th e  
amount o f  resonance energy g a in ed  by th e  amide g roup . A lso c h e la t io n  
shou ld  in c re a s e  th e  c o n tr ib u t io n  o f form B. There i s  th e re fo re  no s a t ­
i s f a c to r y  e x p la n a tio n  of t h i s  phenomena.
There i s  n o th in g  rem arkab le  about th e  c a rb o x y la te  io n  o f th e
a 1 2p e p tid e . The fo u r atoms C C' ^ ,  0 g,  and 0 a re  c o -p la n a r  w ith in
e x p e rim e n ta l e r r o r ,  as i s  seen  in  T able 8c. The bond an g les  do n o t
d i f f e r  s i g n i f i c a n t l y  from th e  average v a lu es  f o r  ca rb o x y l groups bonded
1 2to  m e ta ls .  The bond le n g th s  from C t o  0 ^ and 0 ^ a re  1.212 and 1.267 
angstrom s r e s p e c t iv e ly .  T his in d ic a te s  some lo c a l i z a t i o n  o f th e  p i
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e le c t r o n s  as I s  p re d ic te d  as a  r e s u l t  o f 0 ^ b e in g  bonded to  th e  z in c  Io n . 
I t  I s  m ean ing less to  compare th e  bond le n g th s  w ith  averages s in c e  a 
la rg e  v a r i a t io n  I s  to  be  ex p ec ted .
The C h e la te  Ring 
As I s  ty p ic a l  o f  f iv e  membered r in g s ,  th e  c h e la te  r in g  formed 
by th e  f i r s t  g ly c y l r e s id u e  and th e  z in c  Ion  I s  n o t p la n a r .  The r in g  
cou ld  be d e sc r ib e d  as  hav ing  e i t h e r  o r puckered  o u t o f th e  p lan e  
o f th e  r in g .  The more s a t i s f a c to r y  d e s c r ip t io n  I s  th a t  which has
cxpuckered  from th e  p la n e  o f th e  o th e r  fo u r  atom s. T h is I s  because  C 
C' ^ ,  0 ^ , and th e  z in c  Ion  a re  more n e a r ly  c o -p la n a r  th a n  a re  C’^ ,
0 ^ , and th e  z in c  Io n , as I s  seen  In  Table 9 . This I s  In  l in e  w ith  the  
f a c t  t h a t  th e  l i n e a r  com bination  of atom ic o r b i t a l s  approach to  e i th e r  
m o le c u la r  o r b i t a l  o r v a len ce  bond th e o ry  p r e d ic t  th a t  th e  atoms C' ^ ,
0^ , and th e  z in c  Ion sh o u ld  be  c o -p la n a r . The s l i g h t  d e p a r tu re  from 
p la n a r i ty  I s  to  accom odate th e  t r ansan n u la r s t r a i n  betw een th e  z in c  Ion  
and and C' ^ .  There I s  a 19° r o ta t io n  about th e  bond which I s
n e c e ssa ry  In  o rd e r  to  accom odate t h i s  p ucker. The an g le  a t  th e  z in c  
Io n , N ^-Zn-0^, I s  7 9 .5 ° , ty p i c a l  o f t h i s  type  o f c h e la te .  The an g les  
a t  th e  lig a n d  atom s, Zn-N^-C^^ and Zn-O^-C’^ , 112 .6° and 1 1 2 .5 ° , a re  
a ls o  q u i t e  ty p i c a l .
Conform ation o f  th e  P ep tid e  
Because o f  th e  un ifo rm ness o f  th e  dim ensions o f p e p tid e  m olecu les 
I t  I s  p o s s ib le  to  s p e c ify  com ple te ly  th e  confo rm ation  of any p e p tid e  
m olecu le  by s p e c ify in g  th e  r o ta t io n  about th e  bonds along th e  p e p tid e  
backbone. In  o rd e r  to  f a c i l i t a t e  th e  d e s c r ip t io n  o f  p e p tid e  conform ations








L ea st Squares P lanes fo r  th e  C h e la te  Ring
P lan e Atoms to  which 
p la n e  was f i t t e d
E quation  o f th e  P lane*
I Zn C \  Ol 10.511% -  .432y + 12.398z = 4 .487
I I Zn Ni C 'l  Ol C°li 11.794% -  .888y + 12.002z = 4.764
I I I Zn C“ j^  C 'l  Ol 13.864% -  .715y + 1 1 .4 l0 z = 5.496
IV C“i  C 'l  Ol Ng Zn 14.052% -  .637y + 11.361z = 5.587
V C“i  C 'l  Ng Ol 14.132% -  .422y + 11.361z = 5.639
* X ,y, and z a re  ex p ressed  in  f r a c t i o n a l  c o o rd in a te s . 
D is tan ces  from th e  p la n e s  to  c e r t a in  atoms
Atom P lane  I  P lan e  I I P lane I I I  P lan e  IV P lane V
Zn - .0 2 7  A - .0 7 7  A .010 A .023 A .109 A
^1 .023 .136 .330 .342 .393
C 'l - .0 4 0  .047 .032 .014 .020
Ol .044 .032 -.0 2 6  - .0 4 0 - .0 0 8
c \ - .3 0 4  - .1 3 8 -.0 1 5  - .0 1 9 -.0 0 6
N2 .020 -.0 0 7
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TABLE 9b
D istan ce s  and Angles in  th e  C h e la te  Ring 
Bond D is tan ce  Angle 0
Zn-Nj  ^ 2 .034(4) A Zn-Nj^ -C®^  ^ 112.6(3) °
N i-C*i 1.482(6) Ni-CG^-C'i 110.1(4)
c V c ' i  1.505(7) C °^-C 'i-O i 120.7(4)
C \ - 0 ^  1 .240(5) C'l-O^-Zn 112.5(3)
O^-Zn 2.186(3) O^-Zn-Ni 79.5(1)
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in  t h i s  manner a s ta n d a rd  nom encla tu re , d e s c r ip t iv e  a n g le s ,  and re fe re n c e
g
c o n f ig u ra tio n  have been  proposed .
There a re  fo u r an g les  n ece ssa ry  to  d e s c r ib e  g ly c in e  s t r u c tu r e s .  
They a re  th e  th re e  r o t a t i o n a l  an g les  and th e  bond an g le  N-C°-C' ,  which 
i s  r e f e r r e d  to  as T(N^C^^C'^). T his bond an g le  i s  n ece ssa ry  because i t  
i s  s u b je c t  to  wide v a r i a t i o n ,  and i t s  m agnitude de term ines  th e  range o f 
a llow ed  v a lu es  fo r  th e  r o t a t i o n a l  a n g le s .
The f i r s t  r o t a t i o n a l  an g le  i s  th e  r o ta t io n  around th e  ax is  o f  
th e  bond. I t  has a  v a lu e  o f  zero  when th e  N^-H bond i s  c o -p la n a r
w ith  and e l s  to  th e  bond o f th e  same p e p t id e  r e s id u e . The an g le
i s  m easured as a rig h th an d ed  r o ta t io n ,  c lo ck w ise , when viewed along  th e  
v e c to r  from toward C^. The an g le  i s  deno ted  by th e  symbol p h i ,  c|)^ .
As a p r a c t i c a l  m a tte r  th e  an g le  i s  c a lc u la te d  u s in g  th e  C'-N bond r a th e r  
th an  th e  N-H bond because  th e  carbon atom i s  much more a c c u ra te ly  lo c a te d .
The second r o t a t i o n a l  o r  co n fo rm a tio n a l an g le  i s  th e  r o ta t io n  
abou t th e  bond. I t  i s  a ss ig n ed  a v a lu e  o f ze ro  when N^-C^^ bond
i s  c o -p la n a r  w ith  and c i s  to  th e  C '^ -0 ^  bond. As p re v io u s ly , th e  an g le  
i s  m easured as a r ig h th an d ed  r o ta t io n  about th e  bond a x is  look ing  in  th e  
forw ard  d i r e c t io n  along  th e  p e p tid e  c h a in . In  t h i s  case  th e  forw ard 
d i r e c t io n  i s  from 0°*^  ^ tow ard C' ^ .  The ang le  i s  r e f e r r e d  to  as p s i ,
Some au th o rs  have denoted  th i s  an g le  as p h i p rim e , ())', where Y = + 180°.
S ince  some o f th e  ta b le s  and co n fo rm atio n a l maps use  th e  (p' in s te a d  o f 
b o th  v a lu e s  a re  g iven  f o r  convenience.
The th i r d  co n fo rm a tio n a l ang le  i s  th e  r o t a t i o n  around th e  
bond a x is .  I t  i s  a s s ig n e d  a  zero  v a lu e  when th e  C '^-O ^ bond i s  c o -p la n a r  
w ith  and tra n s  to  th e  bond. The ang le  i s  m easured as a r ig h t
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TABLE 10






1 1/2  HgO
'I'l 341° 342° 349°
j * 161 162 169
ÜJ1 355 2 8
N l-C *l-C 'l 110.1 110.5 107.9
$2 272 82 294
Ÿ2 338 176 313
$' 2 158 356 133
(1)2 358 358 2
N2-C°^2“ C '2 114.8 120.1 111.1
$3 71 291 266
3^ 358 351 353
$ ' 3 178 171 173
Ng—C ^g-C '2 115.9 114.5 110.7
*
The an g les i  a re  th e  same as th e  an g les Y 1 . I t  i s
from an o ld  nom encla tu re  and has th e  o p p o s ite  re fe re n c e  
c o n f ig u ra tio n ,  th u s  -  180°. I t  i s  in c lu d ed
because th e  an g les  a re  p lo t te d  in  f ig u r e  7.
—8 7 -























edpDmI e »  cB» e » ^ z »  o  e ^ 3 U e m ^
O 01-AND TRIPEPTIDES-NOhWLYCYL 
Q 01-AND TRIPEPTIDES- GLYCYL 
O CYCLOHEXAGLYCYL HEMIHYORATE 
o  FERRICHROME-A S no^ olycyl 
©  «-HELIX RIGHT-HANDED1/, v 
©  «-HELIX LEFT-HANDEDn^°l3/
A  POLY-GLY-PRO-HYPRO 
A COLLAGEN 
0 SlltC
©  «  .-ORM OF POLY-/I-BENZYL-L-ASPARTATE 
©RIBBON STRUCTURE- 2 -2 7 - HELIX 
©  Y-HELIX (5 I„)
©Tt-HELIX (4-4,^)
®  2 7 -HELIX 
@  3 0|oHELIX
























F ig u re  8. R eference P e p tid e  C o n fig u ra tio n
G
From an a r t i c l e  by E d s a l l  e t  a l . 8
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handed r o t a t i o n  about th e  bond as  one looks from C '^  tow ard The
an g le  i s  r e f e r r e d  to  as omega, As a p r a c t i c a l  m a tte r  th e  an g le
i s  c a lc u la te d  as  i f  th e  c i s  c o n f ig u ra t io n  o f  th e  C '^ -0 ^  and
bonds w ere th e  d e f in e d  z e ro . T h is i s  because  th e  hydrogen atom i s  no t
lo c a te d  as a c c u ra te ly  as i s  th e  carbon  atom. The two m ethods a re  e q u i-
2
v a le n t  i f  th e  n i t ro g e n  has t r i g o n a l  sp bonding . Because o f th e
reso n an ce  in  th e  amide t h i s  an g le  i s  th e o r e t i c a l ly  z e ro .
I f  th e  omega an g le  i s  assumed to  be zero  th e n  on ly  c e r t a in  v a lu es  
o f  th e  p h i and p s i  r o ta t io n s  a r e  p o s s ib le .  These a llow ed  v a lu e s  a re  a
fu n c tio n  o f th e  bond an g le  N-C^-C' and th e  van d e r W aa l's  r a d i i  o f th e
atom s. Because o f  th e  ex p e rim e n ta l u n c e r ta in ty  and th e  im portance  to  
t h e o r e t i c a l  p r o te in  models two s e t s  o f  van d e r W aal's  r a d i i  have been 
used  in  c a lc u la t in g  th e  t h e o r e t i c a l l y  allow ed l im i t s  o f  th e  co n fo rm a tio n a l 
a n g le s  p h i and p s i .  T his r e s u l t s  in  two s e t s  o f c o n fo rm a tio n a l a n g le s , 
a n o rm ally  a llow ed  s e t  co rresp o n d in g  to  norm ally  used  van d e r  W aal's  
r a d i i  and an " o u te r  l im i t "  s e t  w hich co rrespond  to  a s h o r te r  s e t  of 
van d e r W aal's  r a d i i .  T able  6d shows th e  norm al and o u te r  l i m i t  van 
der W aal's  r a d i i  and F ig u re  6 shows th e  allow ed and 'V 'angles f o r  g ly c y l 
re s id u e s  w ith  a t (Nc'^C') o f 115 d e g re e s .
The co n fo rm a tio n a l an g le  i s  p robab ly  m ean in g less  in  term s of 
a llow ed  p e p tid e  o r p r o te in  co n fo rm a tio n s . I t  i s  ex p ec ted  th a t  t h i s  ang le  
w i l l  a d ju s t  i t s e l f  to  th e  re q u ire m en ts  fo r  th e  e f f i c i e n t  fo rm atio n  o f  th e  
c h e la te  r in g .  I t s  v a lu e  o f  341° i s  however v ery  s im i la r  to  t h a t  found fo r  
uncom plexed amino a c i d s . T h i s  s i m i l a r i t y  p ro b ab ly  r e s u l t s  from th e  
re q u ire m en ts  o f e f f i c i e n t  pack ing  f o r  th e  amino a c id  s t r u c t u r e s ,  r a th e r  
th a n  any fundam ental s t r u c t u r a l  f e a tu r e .  There i s  no an g le  because  i t
-9 1 -
In v o lv es  th e  C’ atom o f  th e  p rev io u s  p e p tid e  re s id u e  which does n o t e x i s t  
f o r  th e  amine te rm in a l r e s id u e .
A com parison o f  th e  c a lc u la te d  conform ation  an g les  w ith  th e  
mapping o f a llow ed confo rm ations re v e a ls  th a t  a l l  o f th e  an g les  f a l l  
w ith in  th e  no rm ally  allow ed re g io n . T his i s  confirm ed by th e  r e le v a n t  
in tra m o le c u la r  c o n ta c t d is ta n c e s  which a re  a l l  l a r g e r  th an  th o se  v a lu es  
l i s t e d  as no rm ally  a llow ed . The only  v a lu e s  which m ight be co n s id e re d  
abnorm al a re  th e  two an g les  'r(N2C°^2C'2^ and which a re  114.80
and 115.90 r e s p e c t iv e ly .  However i t  i s  n o t unu su al to  f in d  an g les  o f t h i s
size.5'40'42
I t  shou ld  be n o ted  th a t  i t  i s  p o s s ib le  to  c a lc u la te  two v a lu es  
o f Yg. T h is degeneracy  r e s u l t s  from th e  f a c t  th a t  re s id u e  th r e e  i s  th e  
ca rb o x y l re s id u e  and th e re fo re  has two oxygens, e i t h e r  o f w hich may be 
used  to  c a lc u la te  These two v a lu e s  d i f f e r  from each o th e r  by 180°.
The v a lu e  l i s t e d  in  th e  ta b le  i s  c a lc u la te d  u s in g  th e  oxygen w ith  th e  
s h o r te r  C-0 bond, th e  oxygen w ith  th e  ca rb o n y l c h a ra c te r .  T h is i s  th e  
oxygen n o t bound to  th e  z in c  and th e  i s  358°. The c a lc u la te d  using  
th e  more io n ic  o f  th e  two oxygens, th e  one bound to  th e  z in c  i s  178°.
I f  th e  co n fo rm a tio n a l an g les  f o r  re s id u e s  two and th r e e  a re  
p lo t te d  on F ig u re  7 and compared w ith  th e  o th e r  v a lu e s  p lo t te d  th e re  
i t  i s  obvious th a t  th e  an g les  a re  s im i la r  to  o th e r  s t r u c tu r e s  c o n ta in in g  
g ly c in e . These in c lu d e  o th e r  g ly c in e  p e p tid e s  and th e  s t r u c t u r a l  p ro ­
t e i n s .  In  f a c t ,  th e  co n fo rm a tio n a l an g les  o f re s id u e  th re e  a r e  i n t e r ­
m ed ia te  betw een th o se  o f  s i l k  and th e  c u r r e n t ly  accep ted  c o lla g e n  s t r u c -  
45tu r e .  Both s i l k  and c o lla g e n  a re  composed o f  ex tended  p e p tid e  ch a in s  
and have a  h ig h  g ly c in e  c o n te n t.
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In  s i l k  th e  p e p tid e  ch a in s  a re  a lm ost com plete ly  ex tended  and 
p la n a r .  A s l i g h t  degree  o f pucker along  th e  ch a in  i s  n ece ssa ry  to  
accomodate th e  g-carbon  atoms o f  a d ja c e n t p e p tid e  c h a in s . The N-H 
and C=0 bonds a re  app rox im ate ly  p e rp e n d ic u la r  to  th e  d i r e c t io n  o f  th e  
ch a in . The a d ja c e n t chains in  th e  p la n e  o f  th e  amide groups run  in  
o p p o s ite  d i r e c t io n s .  The s t r u c tu r e  i s  s t a b i l i z e d  by an i n f i n i t e  ch a in  
o f hydrogen bonds betw een th e  amide groups o f  th e se  a d ja c e n t c h a in s .
The c o lla g e n  s t r u c tu r e  i s  n o t so d e f in i t e l y  known as i s  th e  
s i l k  s t r u c t u r e .  The c u r re n t ly  accep ted  v e rs io n  i s  based  on th e  p o ly ­
g ly c in e  ( I I )  s t r u c t u r e . T h e  b a s ic  u n i t  i s  composed o f  th re e  ex tended  
p e p tid e  ch a in s  w hich run  in  th e  same d i r e c t io n .  The ch a in s  a re  packed 
to g e th e r  such th a t  th e  c o n ta c ts  a re  van d e r Waals c o n ta c ts  r a th e r  
than  hydrogen bonds. Each in d iv id u a l  ch a in  i s  in  an extended l e f t -  
handed h e l ix  th a t  r e p e a ts  approx im ate ly  every  t h i r d  r e s id u e .  These 
cha in s th en  make up th e  th re e  s tra n d e d  c a b le .  T his th re e  s tra n d e d  
cab le  i s  th en  tw is te d  in to  a  r ig h t-h a n d e d  c o i l  o r  h e l ix .  This macro­
s t r u c tu r e  i s  r e f e r r e d  to  as a c o i le d  c o i l .
The p e p tid e  ch a in  in  z in c  t r i g ly c i n e  shows s e v e ra l  s i m i l a r i t i e s
w ith  th e  proposed  c o lla g e n  s t r u c tu r e .  F i r s t  i f  th e  z in c  i s  co n s id e re d
to  re p la c e  a p e p tid e  bond in  an i n f i n i t e  ch a in  th en  th e  p e p tid e  ch a in
45makes a con tinuous c o i l  as i s  found in  p o ly g ly c in e  I I  and i s  p roposed  
fo r  c o l la g e n . In  c o lla g e n  i t  i s  p roposed th a t  th re e  s tra n d s  o f  c o i le d  
p e p tid e  c o i l  to g e th e r  to  form a s u p e rc o i l  in  a s t r u c tu r e  known as a 
c o ile d  c o i l .  In  z in c  t r i g ly c in e  th e  c o i l  i s  formed around a tw o -fo ld  
screw  a x i s .  This l im i t s  th e  m a c ro s tru c tu re  to  a two s tra n d e d  c o i l .
The s h o r t  r e p e a t  d is ta n c e  o f th e  c r y s ta l  and th e  ch a in  le n g th  p re v e n t
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th e  fo rm atio n  o f  a  s u p e r c o i l .  A lso th e  C=0 and th e  N-H bond a re  o r ie n te d  
more o r  l e s s  p e rp e n d ic u la r  to  th e  ch a in  as i s  p roposed  f o r  c o lla g e n  and 
in  c o n t r a s t  to  o th e r  h e l i c a l  s t r u c t u r e s .  F in a l ly ,  in f r a r e d  s tu d ie s ^ ^  
in d ic a te  th a t  c o lla g e n  i s  v e ry  p o o rly  a rran g ed  f o r  hydrogen bond form a­
t io n  w ith in  th e  th re e  s tra n d e d  c o i l .  In  z in c  t r i g ly c i n e  on ly  one p e p tid e  
hydrogen o u t o f  fo u r  i s  s i tu a te d  so t h a t  i t  bonds to  i t s  own p e p tid e  
ch a in . F u r th e r  t h i s  hydrogen bond i s  r a th e r  weak, 3 .16 X. Thus i t  seems 
rea so n ab le  th a t  th e  p e p t id e  c o n f ig u ra tio n  in  t h i s  and o th e r  s im i la r  s t r u c ­
tu r e s  cou ld  p rove u s e fu l  in  b u ild in g  t h e o r e t i c a l  models o f  th e  f ib ro u s  
p r o te in s .
Comparison o f  S t r u c tu r a l  F e a tu re s  w ith  o th e r  T r ig ly c in e  Complexes 
Z inc t r i g ly c i n e  i s  th e  t h i r d  re p o r te d  c r y s t a l  s t r u c tu r e  o f  a 
g ly c y l g ly c y l g ly c in e  m e ta l complex w hich was c r y s ta l iz e d  from a  n e u t r a l  
s o lu t io n .  There have been  o th e r  re p o r te d  s t r u c tu r e s  c o n ta in in g  g ly c y l 
g ly c y l g ly c in e  b u t th ey  w ere c r y s ta l iz e d  from a very  b a s ic  s o lu t io n  and 
a re  n o t in d ic a t iv e  o f w hat m ight be found in  a b io lo g ic a l  system . The
o th e r  two com parable s t r u c tu r e s  a re  c o p p e r ( I I )  m onochloride t r i g ly c i n e
46 47s e sq u ih y d ra te  and calc ium  d ic h lo r id e  t r i g ly c i n e  t r ih y d r a te .  I t
shou ld  be in s t r u c t iv e  to  examine th e  th re e  s t r u c tu r e s  f o r  s i m i l a r i t i e s
and d if f e r e n c e s .
A com parison o f  th e  co n fo rm a tio n a l an g les  o f  th e  th re e  t r i g ly c i n e  
com plexes. T able 10, r e v e a ls  s e v e ra l  s i m i l a r i t i e s .  E ig h t o f th e  n in e  Y 
an g les  f a l l  in to  one ran g e . The e x c e p tio n , o f th e  calcium  complex 
i s  d i s to r t e d  so th a t  th e  oxygen i s  complexed to  th e  calc ium  io n . Four 
o f  th e  s ix  if) an g les  f a l l  in to  th e  same ran g e . The two e x c e p tio n s  (l)^  
o f th e  calcium  complex and (|)g o f  th e  z in c  c h e la te  may be e x p la in e d  on
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th e  b a s is  o f  a llo w in g  th e  com plexing atom to  reach  th e  p o s i t io n  re q u ire d  
fo r  bonding to  th e  m e ta l. I t  i s  i n t e r e s t i n g  to  n o te  th a t  th e  d e v ia tio n s  
from th e  norm a re  r o ta t io n s  o f  ap p ro x im ate ly  180° in  a l l  th re e  c a s e s .
I t  sh o u ld  be n o ted  th a t  th e  an g le s  in  th e  z in c  and copper 
c h e la te s  d e v ia te  s ig n i f i c a n t l y  from p la n a r i t y .  T his has been n o tic e d  
in  n e a r ly  a l l  p e p tid e -m e ta l c h e l a te s .^  T his r o ta t io n  i s  e a s ie r  to  
e x p la in  in  th e  b a s ic  c h e la te s ,  w here th e  c h e la t io n  i s  th rough th e  d e -  
p ro to n iz e d  p e p t id e  n i t ro g e n .  In  t h i s  c a s e ,  where th e  c h e la t io n  i s  th rough  
th e  ca rb o n y l oxygen th e  o r ig in  o f  th e  d i s to r t i n g  fo rc e  i s  n o t c l e a r .
The i n t e r p r e t a t i o n  however i s  th e  same f o r  e i t h e r  ty p e  o f  c h e la te .  The 
bonding to  th e  m e ta l r e s u l t s  in  a  l a r g e r  c o n t r ib u t io n  o f  th e  io n iz e d  
re so n an ce  form in  th e  c h e la te .
There i s  one o th e r  f e a tu r e  o f  a l l  th r e e  s t r u c tu r e s  w hich i s  
w orth  rem ark ing . T his i s  th a t  th e  0*2=02 bond in  a l l  th re e  s t r u c tu r e s  
i s  s h o r te r  th a n  one ex p ec ts  fo r  p e p t id e s .  T h is i s  a ls o  t r u e  o f  th e  
C '^=0^ bond in  th e  calc ium  t r i g ly c i n e  complex. The bond le n g th s  a re  
f o r  th e  copper c h e la te  1 .19±0 .01  &, f o r  th e  calcium  complex 1 .21± 0 .01  &, 
and fo r  t h i s  c h e la te  1 .216±0.006 £ . These d is ta n c e s  a re  s ig n i f i c a n t l y  
s h o r te r  th a n  th e  average d is ta n c e s  o f  1 .24  & fo r  f r e e  p e p tid e s^ ^  and 
1 .26  & f o r  ca rb o n y l oxygens n o t bonded to  m eta l^  in  th e  c o m p ila tio n  o f 
d is ta n c e s  in  th e  p e p tid e  m e ta l com plexes.
I t  i s  p o s s ib le  to  r e c o n c i le  th e s e  o b se rv a tio n s  w ith  th e  concep t 
th a t  th e se  bond le n g th s  a re  d e term ined  by th e  r e l a t i v e  c o n t r ib u t io n  o f  th e  
two reso n an ce  fo rm s, H-N-C=0 and H-N=C-0 i f  one c o n s id e rs  th a t  th e  s h o r t  
bonds have been  len g th en ed  le s s  th a n  in  o th e r  s t r u c tu r e s  r a th e r  th an  
a c tu a l ly  s h o r te n e d . Evidence in  su p p o rt o f  t h i s  view  i s  found by exam ining
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th e  C=0 bond le n g th s  in  aldehydes and k e to n e s . There sh o u ld  no t be any 
c o n tr ib u t io n  from s im i la r  resonance  forms in  th e se  s t r u c t u r e s .  The 
normal v a lu e  i s  g iven  as 1 .21+ 0 .01  and fo r  compounds w ith  p o la r
s u b s t i tu e n ts  such as -S -p ro p io lac to n e  and tr ic h lo ro a c e ta ld e h y d e ,  1 .18  & 
and 1 .15 & a re  re p o r te d  r e s p e c t iv e ly .
I f  th e  e x p la n a tio n  th a t  th e s e  bonds a re  n o t s h o r te n e d , b u t 
in s te a d  th e  bonds in  th e  averages  have been leng thened  to  a g r e a te r  
e x te n t ,  i s  c o r r e c t  i t  shou ld  be p o s s ib le  to  dem onstra te  th e  mechanism fo r  
th i s  le n g th e n in g  p ro c e s s . I t  indeed  i s  p o s s ib le  to  p o s tu la te  reaso n ab le  
le n g th en in g  m echanisms. This i s  more e a s i l y  done f o r  th e  average from 
m e ta l complex s t r u c tu r e s .^
A ll  o f  th e  bond le n g th s  in c lu d e d  in  th i s  average  a re  from s t r u c ­
tu re s  in  w hich th e  amide n i t r o g e n ,  in  th e  amide group from which th e  
bond le n g th  i s  ta k e n , has been  d e p ro to n iz e d . Thus th e  m o lecu la r resonance 
m ight be re p re s e n te d  as
~  R'^
Form A' Form B'
r a th e r  th a n  th e  co n v en tio n a l resonance  fo r  an amide of
0 .  R' o ;^  + R'
C -B C '
Form A Form B
An in c re a s e  i n  th e  p e rce n tag e  o f B' over B would be ex p ec ted . This i s  
because  in c re a s in g  B' i s  d is p e rs in g  an i s o la te d  charge w h ile  in c re a s in g  
B i s  c r e a t in g  o p p o s ite  charges on n e a r ly  a d ja c e n t atom s. The s t r u c tu r e s  
in  th e  s e t  u sed  fo r  th e  averages  a ls o  dem onstra te  th e  sh o r te n in g  of th e
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C-N bond p re d ic te d  by a  l a r g e r  c o n t r ib u t io n  o f th e  C=N form . The d i s ­
ta n c e  f o r  t h i s  s e t  o f s t r u c tu r e s  i s  1 .30 & compared to  1 .32  & f o r  non- 
40c h e la te d  p e p t id e s .  W hile a p p a re n tly  th e  m a tte r  has  n o t been  in v e s t i ­
g a te d , i t  would seem a  re a so n a b le  su p p o s itio n  th a t  th e  energy  d if f e r e n c e  
betw een th e  two d e p ro to n iz e d  reso n an ce  c o n t r ib u to r s  i s  l e s s  th a n  th e  
energy d if f e r e n c e  betw een th e  two norm al reso n an ce  c o n t r ib u to r s .
The bond le n g th e n in g  mechanism in  s t r u c tu r e s  such  as th e  ■ - h e l ix  
o r p le a te d  s h e e t  i s  more s u b t le .  I t  i s  however e q u a lly  re a so n a b le  and 
in  l i n e  w ith  th e  c u r re n t  chem ical th o u g h t. The le n g th e n in g  in  th i s  
in s ta n c e  i s  a t t r i b u t e d  to  th e  induced  d ip o le  e f f e c t  in  th e s e  s t r u c tu r e s .
The la rg e  m agnitude o f  t h i s  e f f e c t  i s  th e  r e s u l t  o f two c o n t r i ­
b u tin g  f a c to r s .  The f i r s t  and p ro b ab ly  m ost im p o rtan t o f  th e s e  f a c to r s  
i s  th e  e x is te n c e  o f  i n f i n i t e  ch a in s  o f amide to  amide hydrogen  bonds.
This cau ses  th e  induced  d ip o le  e f f e c t  to  be cu m u la tiv e . T hat i s  th e  
fo rm atio n  o f  th e  hydrogen bonds changes th e  m agnitude o f th e  d ip o le  
moment o f th e  amide g roup . However th e  o r ig in a l  m agnitude o f t h i s  d ip o le  
was th e  m ajor f a c to r  i n  d e te rm in in g  th e  s t r e n g th  o f th e  hydrogen bond. 
Thus th i s  change in  th e  d ip o le  moment causes th e  hydrogen bond to  become 
s tro n g e r .  This changed d ip o le  moment and s tro n g e r  hydrogen bonding then  
r e s u l t  in  an in c re a s e  o f th e  reso n an ce  form 0-C=n"*'.
The second c o n tr ib u t in g  f a c to r  to  th e  la rg e  induced  d ip o le  e f f e c t  
i s  th e  i n i t i a l  e x is te n c e  o f  th e  reso n an ce  s t r u c t u r e .  I t  i s  w e ll  known 
th a t  p i  sy stem s, such as t h i s ,  show la rg e - induced  d ip o le  e f f e c t s .
I t  shou ld  be p o in te d  o u t th a t  none o f th e se  th re e  t r i g l y c i n e -  
m e ta l complexes forms th e s e  i n f i n i t e  ch a in s  o f amide to  amide hydrogen 
bonds. The bonding in  th e se  ca se s  does n o t p re s e n t  th e  o p p o r tu n ity  fo r  
t h i s  type  o f  cum ula tive  d ip o le  e f f e c t .  For th e se  rea so n s  th e s e  s h o r te r
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C=0 bonds seem to  be s ig n i f i c a n t  and r e a l ,  n o t j u s t  th e  norm al v a r ia t io n  
one e x p e c ts  from m olecu le to  m o lecu le .
40I t  was hoped th a t  th e  compounds used  by Marsh and Donohue to  
compute a s e t  o f average dim ensions f o r  p e p tid e  bonds would y ie ld  s u f f i ­
c ie n t  d a ta  to  t e s t  t h i s  h y p o th e s is .  U n fo rtu n a te ly  t h i s  was n o t th e  ca se . 
As Marsh and Donohue p o in t  o u t ,  most o f  th e se  s t r u c tu r e s  w ere done b e fo re  
e i t h e r  th e  d a ta  o r  com puting f a c i l i t i e s ,  which a re  needed to  ach iev e  th e  
accu racy  n e c e ssa ry  to  re so lv e  t h i s  ty p e  o f  problem , were a v a i la b le .  The 
ca rb o n y l bond le n g th s  o f th e se  compounds and th e  hydrogen bond arrangem ent 
o f th e  p e p t id e  groups a re  g iv en  in  T ab le 11.
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TABLE 11
C arbonyl Bond Lengths o f  S tru c tu re s  Inc luded  
in  Marsh and D onohue's Averages
Compound R eference
a -g ly c y lg ly c in e  66
g ly c y l-1 -a s p a rg in e  67
g ly c y l-1 - try p to p h a n e  68
g lu ta th io n e  69
t o s y l - l - p r o l y l -  70
l-h y d roxypro line .H gO
N ,N '- d ig ly c y l - l -  71
c y s t in e
g ly c y 1 -1 -p h e n y la la n in e  72 
g ly c in e





1 .2 4 9 (7 ) X
1 .227(15)
1 .226(15)
1 .2 3 (3 )
1 .2 4 (3 )
1 .2 4 (6 )
1 .2 1 (3 )
1 . 21(2)
1 .2 3 (2 )
1 .236(15)
1 .272(15)
Type o f  S tru c tu re
a n t i - p a r a l l e l  p le a te d  
sh e e t
hydrogen bonding n o t 
in  s e r ie s
hydrogen bonding n o t 
in  s e r ie s
n e i th e r  in  s e r i e s
hydrogen bonding n o t 
in  s e r ie s
hydrogen bonding in  
s e r ie s ^
p a r a l l e l  p le a te d  sheet^
n e i th e r  in  s e r i e s
^ N - H . . . O  d i s t a n c e  i s  3 .31  X . ,  a  v e r y  w e a k  h y d r o g e n  b o n d .
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These bond le n g th s  shou ld  be viewed w ith  extrem e sk e p tic ism  due to  
s y s te m a tic  f a c to r s  p o in te d  o u t by th e  a u th o rs  which s p e c i f i c a l l y  
a f f e c t  th e  C=0 bonds.
PART II
A PROPOSAL FOR VECTOR REFINEMENT AND 
SOLUTION OF CRYSTAL STRUCTURES
The adven t o f e l e c t r o n ic  com puters w ith  m o dera te ly  la rg e  memories
and f a s t  co m p u ta tio n a l tim e has made p o s s ib le  th e  re fin e m en t o f s t r u c t u r a l
param eters  by th e  method o f l e a s t  s q u a re s . The r e s u l t s  o f  t h i s  method
depend upon th e  ch o ice  o f th e  o r ig in  in  th e  c r y s ta l  s t r u c t u r e .  I f  the
o r ig in  i s  n o t im p l ic i t  in  th e  m a th em atica l form o f th e  m a tr ix  o f  l e a s t
23sq u ares  sums th e n  th i s  m a tr ix  w i l l  be s in g u la r .  In  a la rg e  m a jo r ity  
of th e  p o s s ib le  c r y s ta l lo g r a p h ic  space  groups th i s  causes no problem .
This i s  b ecause  th e  symmetry elem en ts a re  a rranged  such th a t  th e  s t r u c ­
tu r e  f a c to r  e q u a tio n s  fo r  th o se  space  groups assume a p a r t i c u l a r  o r ig in  
to  make e f f i c i e n t  u se  of th e  symmetry o p e ra t io n s . There a re  however 
s ix ty - e ig h t  space  groups in  te n  p o in t  groups fo r  which t h e i r  i s  no sym­
m etry im p lied  o r ig in  in  one o r  more d im ensions. These a re  known as the  
p o la r  space  groups and p o in t g roups.
The l e a s t  squ are  m a tr ix  in  term s o f th e  atom ic p o s i t io n s  in
23th e se  p o la r  space groups i s  s in g u la r .  This problem  i s  u s u a lly  over­
come by th e  a p p l ic a t io n  o f an a d d i t io n a l  a r b i t r a r y  c o n s t r a in t  f o r  each 
p o la r  d im ension . This c o n s tr a in t  ta k e s  two u su a l forms ; e i t h e r  one 
atom i s  d e f in e d  as th e  o r ig in  and n o t allow ed to  s h i f t  o r  th e  co v arian ce  
between a l l  p a i r s  o f  atoms i s  s e t  e q u a l to  ze ro . T his l a t e r  method
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TABLE 1
P o la r  C ry s ta l lo g ra p h ic  P o in t Groups 23
P o in t Group
Number o f 
Space Groups
Number o f 
P o la r  Dimensions
1 , 1
m. Cg 4
2 , Cg 3
mm2 , 2 2
4 , 6
4imn, 1 2
3 , C3 4
3m, € 3^ 6





Im p lle s  th a t  each atom s h i f t s  r e l a t i v e  to  a  f ix e d  o r ig in  r a th e r  th an
r e l a t i v e  to  th e  o th e r  atom s. I t  has been shown th a t  e i t h e r  o f th e se
approaches le ad s  to  s y s te m a tic  e r r o r s  In  th e  e s tim a te d  s ta n d a rd  d e v la -
23t lo n s  d e r iv e d  from th e  l e a s t  sq u a res  m a tr ix . The s ta n d a rd  d e v ia t io n s  
d e r iv e d  from th e se  m a tr ic e s  a re  too  la rg e .  However th e re  I s  an a l t e r n a ­
t i v e  approach th a t  does n o t le a d  to  th e se  e r r o r s .
This a l t e r n a t e  approach  I s  based  on th e  f a c t  th a t  th e  I n t e n s i ­
t i e s  which a re  th e  m easured q u a n t i t i e s  In  th e  experim en t a re  a fu n c tio n  
o f  th e  atom ic com position  and th e  In te ra to m ic  v e c to r s .  S ince th e  s e t  
o f In te ra to m ic  v e c to rs  c o n ta in s  b o th  v e c to r  AB and I t s  In v e rse  BA f o r  
a l l  p a i r s  o f atoms A,B, I t  I s  ap p aren t th a t  th e  s e t  o f  In te ra to m ic  vec­
t o r s ,  th e  P a tte r s o n  fu n c t io n .  I s  n o n -p o la r . T h is I s  a d i r e c t  r e s u l t  
o f  th e  p re sen ce  o f th e  In v e rse  o p e ra tio n  In  th e  s e t  o f  symmetry e lem ents 
p r e s e n t  In  th e  symmetry group o f  th e  v e c to r  s e t .  The In v e rs e ,  1 , o pera­
t i o n  I s  d e fin e d  by th e  e q u a t io n , v Q l  = -v .  Thus th e  o r ig in  m ust be 
e x a c t ly  h a l f  way betw een v and -v  and I s  th e re f o r e  un iq u e ly  d e fin e d  In  
a l l  d im ensions. T h ere fo re  th e  symmetry group I s  n o n -p o la r .
Development o f  th e  L ea st Squares E quations 
I f  a s u i ta b le  s e t  o f  norm al e q u a tio n s  may be found th e  method o f 
l e a s t  sq u a re s  could  be a p p lie d  to  th e  s e t  o f  In te ra to m ic  v e c to rs  r a th e r  
th a n  th e  atom ic p o s i t io n s .  P a t te r s o n  has d e r iv e d  an e x p re ss io n  f o r  th e  
a b s o lu te  m agnitude o f th e  I n t e n s i t y ,  In  term s o f th e  in te ra to m ic
v e c to rs  and atom ic com position  o f th e  c r y s t a l  u n i t  c e l l .
1 /j
—102—
where I s  th e  atom ic s c a t t e r in g  curve o f  th e  i t h  atom in  th e  u n i t  
c e l l  and u ^ ^ , , and a re  th e  f r a c t io n a l  c o -o rd in a te s  in  th e  a ,
b , and c d i r e c t io n s  r e s p e c t iv e ly  o f th e  v e c to r  between th e  i t h  and j t h  
atoms o f th e  u n i t  c e l l .  This e q u a tio n  i s  o f cou rse  a complex F o u rie r  
s e r i e s  which may be w r i t t e n
\ k l l  “  i= l  ^ i  i= l  j = l  ^ i^ j  cos2ïï(hUj^j+kv^j+lw^j)
n n
+ i l l  j i i  f^ f jis in 2 n (h u ^ j+ k v ^ j+ lw ^ j)  i?tj Eq. 2
The e x p re s s io n  may be s im p l if ie d  by making use  o f th e  cen trosym m etric  
p ro p e r ty  o f  th e  v e c to r  s e t .  T h is y ie ld s
^ h k ll^  °  1^1 + 2 i i i  £ ^ fjC os2« (hU y+ k»y+ lw ^^) Eq. 3
These e q u a tio n s  a re  n o t l i n e a r  in  th e  unknowns u , v , and w. However, 
i t  i s  w e ll  known th a t  th e  method o f l e a s t  sq u a res  may be a p p lie d  to  
e r r o r s  in  th e  p aram eters  u , v ,  and w i f  good i n i t i a l  g uesses  a re  a v a i l ­
ab le  fo r  th e  u , v , and w. T his i s  accom plished by expanding th e  ex­
p re s s io n  f o r  I  I  ^ ill term s o f i t s  T ay lo r s e r i e s  abou t th e  p o in ts
u . , V . , ,  and w . The re q u ire d  i n i t i a l  guesses o f u , v ,  and w a re
I j  I j  I j
a v a i la b le  s in c e  i t  has been shown^^ th a t  a F o u r ie r  s e r i e s  w ith  I^^kl^  ^
as c o e f f i c ie n t s  produces a d e n s ity  fu n c tio n  in  which th e  h ig h  v a lu es  
co rrespond  to  th e  ends o f v e c to rs  in  th e  v e c to r  s e t .
The T ay lo r expansion  o f  a  fu n c tio n  f (x )  about th e  p o in t  a i s  
g iven  by;
f ( x )  = f ( a )  + f '( a ) ( x - a )  + f ' ( a ) ( x - a ) ^  + ............ + f^  ( a ) ( x - a ) ^ . . .
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where x i s  th e  " c o r re c t"  p o s i t io n  on th e  c u rv e , a i s  th e  known ap p ro x i­
m ation  and (a) r e p re s e n ts  th e  n th  d e r iv a t iv e  o f  th e  fu n c tio n  f (x )  
w ith  re s p e c t  to  x a t  th e  p o in t  a .
I t  i s  now n e c e ssa ry  to  in tro d u c e  th e  n o ta t io n  needed to  app ly  
th e  above m athem atics to  th e  s e t  o f o b s e rv a tio n a l  e q u a tio n s . L et
be th e  id e a l  o r  " c o r r e c t"  v a lu e  o f th e  m easured i n t e n s i t y ,  l e t  
|F °h k il^  be th e  v a lu e  a c tu a l ly  observed  and l e t  be th e  v a lu e
c a lc u la te d  by eq u a tio n  3 above u s in g  th e  approx im ate  u , v , and w. Then
h k ll  “ h k ll \ k l
where i s  th e  e r r o r  in  th e  ex p e rim en ta l o b s e rv a tio n . The e r r o r s  in
th e  p aram eters  u ^ ^ , v ^ ^ , and w^^ s h a l l  be , 6^^ and r e s p e c t iv e ly  
and th e  re q u ire d  c o n d itio n  f o r  s u c c e s s fu l  l e a s t  sq u a re s  approach may 
th en  be s ta t e d  a s :
' i j  ”  '  ' i j  "  "  " ' i j
With th i s  assum ption  th e  T ay lo r expansion  may be a p p lie d  to  
|F h k il^  and a l l  term s p a s t  th e  f i r s t  d e r iv a t iv e  ig n o re d . T his p ro cess  
y ie ld s  2
i f ' b t i i '  ■ ^ J l  J i l l  '  111
I c 12where |F i s  g iv en  by e q u a tio n  3.
The theo ry  o f  th e  l e a s t  sq u a res  s t a t e s  th a t  f o r  a  s e t  o f ob­
s e r v a t io n a l  eq u a tio n s  th e  " b e s t"  v a lu e s  o f  u ^ ^ , v ^ ^ , and w^^ a re  found
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2
when & minimum. T his q u a n t i ty  i s  a  minimum when th e  d e r iv a ­
t iv e s
2 2 2 
h k l)  8 ( h i l ^  h k l)  3 ( h L ^  h k l)
a re  z e ro . The sum o f  th e  e r r o r s  sq u a red  and th e  n e c e ss a ry  d e r iv a t iv e s  
may th en  be c a lc u la te d  u s in g  e q u a tio n s  3 and 4.
(h&l^ h k l)  “  h k  h k l
c |2  i„o |2  . „ ”  "  h k ll  )
hkil + 2 i l i  jk+1^ au^j ^ij
3Vij i j
') T
-  ' i j U
and th e  d e r iv a t iv e s
^(h& l^ h k P H
rs
,c |2  | „ 0  j2 “  ”
■ W  I"  h k l '  - 1" h k l  I + h h  j : i + i
3 ( | F \ k l l ' )  3 ( | f \ ^ | 2 )  ;!
.  ' i j  + s ; - -  ^ i j> j
a c l f 'h k i l ' )
ay r s
Eq. 6
w here <fi- i s  any e r r o r  te rm , e , 6 o r  t  and "F i s  i t s  a s s o c ia te d  r s   ^ r s  r s  r s  r s
v a r ia b le  u , v  , and w r e s p e c t iv e ly .  Then s e t t i n g  th e s e  d e r iv a t iv e s  r s  r s  r s  ■'
to  ze ro  y ie ld s  th e  e q u a tio n s
h i l ' |f ° h k l l '  -  l"°hkll') ' ■ h L  2 j N ï r F ^ . r * l j  'r s  ^ -  i j  r s  _ ■’
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w hlch a r e  th e  norm al eq u a tio n s  needed fo r  th e  l e a s t  sq u a re s  m ethod.
A p p lic a tio n  to  th e  R efinem ent o f S tru c tu re s  
Thermal p a ra m e te rs , e i t h e r  i s o t r o p ic  o r  a n i s o t r o p ic ,  cou ld  be 
a s s o c ia te d  w ith  each v e c to r  in  th e  same manner in  w hich they  a re  a s s o c i­
a te d  w ith  in d iv id u a l  atoms in  th e  u su a l re fin e m en t te c h n iq u e . The
d e t a i l s  o f in c lu d in g  th e se  p a ram e te rs  in  th e  c o n v e n tio n a l l e a s t  sq u ares
25on a tom ic p aram ete rs  have been  worked ou t p re v io u s ly  and th e  a p p l ic a -
26t io n  o f analogous term s to  v e c to r  re fin em en t i s  i d e n t i c a l .  B uerger 
has shown th a t  eq u a tio n  1 i s  th e  p ro d u c t o f  two complex F o u r ie r  s e r ie s  
over th e  atom ic  p o s i t io n s  o f th e  m olecu le  in  i t s  symmetry g roup . From 
t h i s  i t  i s  obvious th a t  th e  i s o t r o p i c  therm al p a ram ete rs  and th e  d ia ­
g o n a l e lem en ts  o f th e  a n i s o t r o p ic  the rm al p a ram eters  o f  th e  v e c to rs  
a re  th e  sums o f  th e  co rresp o n d in g  the rm al p a ram eters  o f th e  atoms which 
d e f in e  th e  v e c to r .  These sums a re  o f  cou rse  w eigh ted  by th e  atom ic 
numbers o f  th e  atoms in v o lv e d . The o f f -d ia g o n a l e lem en ts o f  th e  a n iso ­
t r o p ic  th e rm al p aram eters  te n s o r  r e f l e c t  th e  a lignm en t o f  th e  therm al 
e l l i p s i o d  o f  th e  v e c to r .
I t  w i l l  now be dem onstra ted  th a t  th e se  same norm al e q u a tio n s  
a r i s e  from th e  m in im iza tio n  o f  th e  r e s id u a l ,  R = ”
IF ^^^1 ) w ith  re s p e c t  to  th e  e r r o r s  in  th e  in te ra to m ic  v e c to r s ,  £ ,
6 and t . This fu n c tio n  has a l s o  been  m inim ized w ith  r e s p e c t  to  th e  
e r r o r s  in  th e  atom ic p o s i t io n s  and used fo r  l e a s t  sq u a re s .  F i r s t  th e  
fu n c tio n  ^ which w i l l  y ie ld  th e  s m a l le s t  v a lu e  i s
ex p re ssed  in  term s o f | f ^ |^ ,  and c o r re c t io n s  to  |F ^ |^  w hich w i l l
th e n  im prove th e  f i t .  I t  i s  n e c e ssa ry  to  assume th a t  th e se  c o r re c t io n s  
a re  s m a l l . Then
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h % l ( | F ° h k l | Z  -  -  I f 't i u T
Next th e  d e r iv a t iv e s
a ( h ê i ( | F ° h k l | 2  -  |F C h k l |2 )2
a re  computed and s e t  equ a l to  z e ro . This y ie ld s  th e  norm al e q u a tio n s  in  
eq u a tio n s  7.
D. W. J .  C ruickshank^^ has shown th a t  i f  th e  q u a n t i ty  | f° |^  -  |F ^ |^  
i s  m inim ized w ith  r e s p e c t  to  th e  e r r o r s  in  th e  atom ic p o s i t i o n s ,  r a th e r  
than  th e  in te ra to m ic  v e c to r s ,  th e  l e a s t  sq u ares  c o r re c t io n s  y ie ld  s h i f t s  
i d e n t i c a l  to  th e  s h i f t s  which r e s u l t  from th e  re fin e m en t o f atom ic p o s i­
t io n s  by th e  method o f  s te e p e s t  d e scen t a p p lie d  to  th e  P a tte r s o n  d e n s ity .
I t  w i l l  now be shown th a t  th e  l e a s t  sq u a res  c o r re c t io n s  o f  th e  i n t e r ­
atom ic v e c to rs  a re  r e l a t e d  to  th e  d i f f e r e n t i a l  F o u r ie r  s h i f t s  from 
th e  P a t te r s o n  i f  th e  l e a s t  sq u a re s  i s  w eigh ted  by th e  fu n c tio n  1 / f ^ f y  
The re fin em en t c r i t e r i a  fo r  th e  method o f s te e p e s t  d escen t i s  
th a t  th e  s lo p e  in  th e  fu n c tio n  c a lc u la te d  from th e  observed  am plitudes 
and th e  s lo p e  in  th e  fu n c tio n  c a lc u la te d  from th e  am p litudes c a lc u la te d  
by use  o f  eq u a tio n  3 be i d e n t i c a l .  This may be ex p ressed  by th e  eq u a tio n s
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where P° and P*^  a re  th e  P a t te r s o n  fu n c tio n s  c a lc u la te d  from observed  and
c a lc u la te d  am p litudes  r e s p e c t iv e ly  and i s  one o f  th e  c o -o rd in a te s  o f
1 2a P a t te r s o n  peak , u ^ ^ , v ^ ^ , o r , such th a t  Y # u ^^ , Y = v ^ j , and
3
Y . Both s id e s  o f th e  above e q u a tio n  may be  expanded in  term s
of a  f u l l  m u l t iv a r ia te  T ay lo r s e r i e s  and i f  th e  c o r re c t io n s  a re  sm a ll 
on ly  th e  f i r s t  d e r iv a t iv e s  a re  c o n s id e re d . T h is  y ie ld s
/ 3P° X . r . . / _ 3?^ . .  . . ,  S^pC
^SY ^jk^ij k * i j k  l9Y^jk 3Y ^jm /ij "  ^ Y ^ jk - 'i j  ^  k  '’’i j ‘^ /9 Y ^ jk  3Y^^m^ij
. y A m ,  3 \ / 3P^ \
m ,r ,s  * rs  ^3Y J  3 ^ 4 ^ ^ ^ ^ ’ r s  Xj
A p p lic a tio n  o f  th e  c r i t e r i a  t h a t  th e  s lo p e  P a t te r s o n  d e n s ity  be  th e  same 
fo r  b o th  th e  observed  and c a lc u la te d  fu n c tio n s  y ie ld s  th e  e q u a tio n s
/ 3P° . fJ lE L s\ 4. r  * ® 3 ,_ 3 P l_ \
^3Y^jk-’i j  l3 Y ^ jk 'i j  m ,r ,s  ’ r s  3Y^^m ^3Y^^k^ij '
The c a lc u la te d  P a tte r s o n  d e n s i ty ,  P ^ , i s  o f co u rse  a  fu n c tio n  o f th e  p ara -
k cm e te rs , Y ^j. T h e re fo re , P^^ s h a l l  r e p re s e n t  th e  c a lc u la te d  P a tte r s o n
d e n s ity  due to  th e  t r i a l  v e c to r  i j  and i t s  symmetry r e l a t e d  v e c to r s .
Thus th e  p re v io u s ly  d e riv e d  e q u a tio n s  may be r e w r i t t e n  as
, 3P°  ^ ,_3P2_\ . y . m 3 .9 P S s .
i j  “  (3 Y ^ jk )ij m ,r ,s  3Y^^m ^ 3 Y ^ ^ k \j
I r
Then i f  h i s  any in d e x , h ,  k o r  1 , th e  c o e f f i c i e n t  f o r  th e  
e r r o r  term s may be w r i t t e n  a s .
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where |F ^ j  ^ |^  i s  th e  component o f  | | ^  r e s u l t in g  from th e  peak a t  i j . 
They by in s p e c t io n  o f  Eq. 7 and Eq. 3 i t  may be seen  th a t  th e  c o e f f i c i e n t  
o f  th e  e r r o r s  in  th e  l e a s t  sq u a re s  method i s  g iv en  by
3 ( | f = |2 )  3
- 8 'h f k  h ' i ' j  , ? ' j k  =‘ " 2 .  y ,
F u r th e r  th e  column v e c to r  a s s o c ia te d  w ith  th e  l e a s t  sq u a re s  method i s
A m o d ified  P a t te r s o n  d e n s i ty  i s  now in tro d u c e d , d e fin e d  
such th a t
P '^ j  “ V h I  1 ^ i^ j  |F ° |^  cos2ïï (hu + kv + Iw) - .
By ta k in g  advan tage o f th e  c e n te r  o f  symmetry th e  fo llo w in g  e q u a tio n s  
may be  d e r iv e d .
s l n 2 , y , h \ / )
-109-
Thus th e  norm al eq u a tio n s  o f th e  l e a s t  sq u a re s  method may be w r i t t e n
( 3P* N , 3 P * \  ,  y .m 3 .3P* rs>
I j  "  r ,s ,m  \ s  3Ÿ m ^34 ',.k ^ i ji j  i j  r s  i j
The above d e r iv a t io n  shows th a t  fo r  sm a ll c o r re c t io n s  th e  method 
o f  l e a s t  sq u ares  a p p lie d  to  in te ra to m ic  v e c to r s ,  a s  d e riv e d  in  equa­
t io n s  th r e e  th rough seven  i s  e q u iv a le n t to  a w eigh ted  d i f f e r e n t i a l  
P a t te r s o n  o r s te e p e s t  d e sc e n ts  method in  P a t te r s o n  sp ace . The re q u ire d  
w e ig h tin g  fu n c tio n  fo r  th e  s te e p e s t  d e sc e n ts  o r  d i f f e r e n t i a l  P a tte r s o n  
fu n c tio n  i s  f ^ f j . T h is i s  e q u iv a le n t to  w e ig h tin g  th e  l e a s t  sq u a re s  by 
a f a c to r  o f 1 / f ^ f j .
The d i f f i c u l t i e s  w hich a r i s e  in  th e  p r a c t i c a l  a p p l ic a t io n  o f  
th e  method r e s u l t  from th e  la rg e  number o f  term s to  be r e f in e d .  For 
a s t r u c t u r e  w ith  n independen t atoms th e re  a re  n x ( n - l ) /2  independen t 
in te ra to m ic  v e c to rs  to  be r e f in e d .  Thus f o r  a compound w ith  t h i r t y  
atom s, th e re  would be 1305 p o s i t i o n a l  p a ram eters  to  r e f in e .  I t  would 
th e re fo re  be n ece ssa ry  to  ta k e  a  com plete s e t  o f  d a ta  to  have s u f f i ­
c ie n t  d a ta  to  make l e a s t  sq u a re s  v a l id .  However b ecau se  o f th e  develop­
ment o f  autom ated d if f r a c to m e te r s  t h i s  i s  no lo n g e r  such a fo rm idab le  
o r  te d io u s  ta s k .
The second m ajor p r a c t i c a l  problem  i s  th e  in v e rs io n  o f a 
m a tr ix  o f  t h i s  s i z e .  The r e c e n t advances in  com puter technology  would 
seem to  make th e  tim e re q u ire d  f e a s ib l e .  However th e  p o s s i b i l i t i e s  
fo r  round o f f  o r  t ru n c a t io n  e r r o r  a re  alm ost l i m i t l e s s  f o r  a m a tr ix  
o f t h i s  s i z e .  This problem  cou ld  be overcome by c a r e f u l  p la n n in g . 
T h ere fo re  th e re  would n o t seem to  be any in su rm o u n tab le  problem s to  th e  
a p p l ic a t io n  o f  th e  v e c to r  re fin e m en t method to  c r y s t a l  s t r u c tu r e s .
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A p p llc a tlo n  o f  th e  V ecto r R efinem ent to  th e  
S o lu tio n  o f  C ry s ta l  S tru c tu re s  
As d isc u sse d  p re v io u s ly  I t  I s  n ece ssa ry  to  have I n i t i a l  e s t i ­
m ates o f  th e  In te ra to m ic  v e c to rs  b e fo re  th e  re fin em en t can be under­
tak en . I t  I s  perhaps u s e fu l  a t  t h i s  p o in t  to  examine th e  means 
a v a i la b le  f o r  o b ta in in g  th e se  I n i t i a l  v e c to rs  and th e  d i f f i c u l t i e s  
a s s o c ia te d  w ith  th e  v a r io u s  means.
The m ost obvious means o f o b ta in in g  I n i t i a l  e s tim a te s  o f  th e  
In te ra to m ic  v e c to rs  I s  th rough  th e  u se  o f  th e  P a t te r s o n  v e c to r  d e n s ity  
map. I f  t h i s  can be done, and th e  e s tim a te s  r e f in e d  In to  a s e t  o f 
d i s c r e te  p o in t  v e c to rs  by th e  l e a s t  sq u a re s  o r  th e  n e a r ly  e q u iv a le n t 
d i f f e r e n t i a l  F o u r ie r  m ethod. I t  I s  th en  a  s im ple  and ro u t in e  m a tte r  to  
solve^® ’^^^ f o r  th e  c o -o rd in a te s  o f  th e  atoms w hich g iv e  r i s e  to  th i s  
v e c to r  s e t .  Thus th e  re fin em en t becomes a  g e n e ra l method fo r  th e  
s o lu t io n  o f  c r y s t a l  s t r u c tu r e s  from th e  P a t te r s o n  fu n c tio n .
The m ajor d i f f i c u l t y  In  u s in g  th i s  method o f s t r u c t u r e  a n a ly s is  
I s  o f cou rse  th e  o v erlap  In  th e  P a t te r s o n  fu n c tio n . A p r a c t i c a l  e f f e c t  
o f t h i s  o v e rla p  I s  th a t  th e  method w i l l  be o f l i t t l e  u se  In  th e  so lu ­
t io n  o f  s t r u c tu r e s  c o n ta in in g  a heavy atom. T h is I s  becau se  th e se  
s t r u c tu r e s  a re  r e a d i ly  so lv ed  u s in g  only th e  e a s i ly  re c o g n iz a b le  
su b se t o f  In te ra to m ic  v e c to rs  betw een the  heavy atom and the  o th e r  atoms 
or by F o u r ie r  methods which d i r e c t l y  re v e a l  th e  p o s ito n s  o f th e  atoms 
In  th e  u n i t  c e l l .  T h ere fo re  I t  I s  expec ted  th a t  th e  method w i l l  f in d  
I t s  w id es t a p p l ic a t io n  In  th e  s o lu t io n  o f  s t r u c tu r e s  composed o f  atoms 
o f approx im ate ly  eq u a l atom ic number. That I s ,  th e  so c a l le d  "eq u a l 
atom" s t r u c tu r e s .
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2 7I t  has been e s ta b l is h e d  fo r  th e  l e a s t  sq u a re s  c o r re c t io n s
w hich a re  r e a l te d  to  c o r r e c t io n s  by th e  d i f f e r e n t i a l  P a tte r s o n  method
In  th e  above manner th a t  th e  c ro s s  term s In  th e  l e a s t  sq u a re  m a tr ix
betw een F o u r ie r  d e n s ity  peaks w hich a re  re s o lv e d  a re  n e g l ig ib ly  sm a ll
compared to  th e  term s In  th e  m a tr ix  b lo ck  w hich r e l a t e  to  only  one
atom . However th e  c ro ss  term s betw een th o se  F o u r ie r  peaks w hich a re
ov erlap p ed  w ith  one an o th e r a re  n o t n e g l ig ib l e .  In  t h i s  In s ta n c e  th e
peaks In  th e  F o u r ie r  d e n s i ty  a re  th e  lo c a t io n s  o f  th e  ends o f th e
In te ra to m ic  v e c to r s .  A lso  I t  I s  w e ll known th a t  th e  m ajor d i f f i c u l t y
In  s o lv in g  c r y s t a l  s t r u c t u r e s  from th e  F o u r ie r  map o f  th e  In te ra to m ic
v e c to r ,  th e  P a t te r s o n  fu n c t io n ,  I s  th e  f a c t  th a t  th e se  peaks a re  
26cov erlap p ed  fo r  s t r u c tu r e s  o f even m oderate  co m p lex ity . Thus w h ile  
th e  common b lo c k  d ia g o n a l app ro ach , o f te n  used  In  th e  re fin e m en t o f 
atom ic p o s i t i o n s ,  would be In a d e q u a te , th e  u se  o f  th e  com plete l e a s t  
sq u a re s  m a tr ix  would n o t be  r e q u ire d .  What would be re q u ire d  I s  a 
m a tr ix  composed o f  b lo c k s  each o f  which w ould c o n ta in  th e  com plete
m a tr ix  o f  e lem ents f o r  a group o f  o v e rlap p ed  p eak s .
There a re  s e v e ra l  s te p s  w hich may be ta k en  to  overcome th e  
o v e rla p  problem  In  an "eq u a l atom" s t r u c t u r e .  The m ost b a s ic  I s  to
ta k e  as com plete a s e t  o f d a ta  as I s  p o s s ib le  under a  g iven  e x p e r i­
m en ta l arrangem ent. T his In c re a s e s  th e  r e s o lv in g  power o f  th e  P a t te r s o n  
fu n c tio n  as w e ll  as d e c re a se s  th e  e r r o r  due to  s e r i e s  te rm in a tio n  
e f f e c t s .  A lso t h i s  s te p  w i l l  reduce th e  e r r o r  In tro d u c e d  by some of 
th e  o th e r  means o f  r e s o lv in g  o v e r la p .
O ther means o f re s o lv in g  th e  o v e rla p  In v o lv e  m a them atica l 
m a n ip u la tio n  o f e i t h e r  th e  F o u r ie r  a m p litu d e s , |F ° |^ , used to  c a lc u la te
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th e  P a t te r s o n  d e n s ity  o r  a  m a n ip u la tio n  o f th e  d e n s ity  map i t s e l f .  The 
most obvious o f th e se  te ch n iq u es  i s  to  use  "sharpened" F o u rie r  am pli­
tu d e s .  T h is sh a rp en in g  i s  accom plished  w ith  a w e ig h tin g  scheme which
g iv e s  h e a v ie r  w eig h ts  to  th e  h ig h  o rd e r  am p litudes  w hich have a  s h o r te r
29p e r io d i c i t y .  Many d i f f e r e n t  sh a rp en in g  schemes have been  proposed
and one cou ld  be p icked  w hich o f fe re d  th e  most p rom ise f o r  a p a r t i c u l a r
compound. For an eq u a l atom problem  i t  i s  p o s s ib le  to  sharpen  to  th e
e x te n t  th a t  th e  c o e f f i c ie n t s  co rresp o n d  to  th o se  o f  a s t r u c tu r e  o f
30p o in t  atoms a t  r e s t .  Sharpening  th e  c o e f f i c ie n t s  has th e  r e g r e t ta b l e  
e f f e c t  o f  a l s o  in c re a s in g  th e  e r r o r  in  th e  v e c to r  d e n s ity  map caused 
by s e r i e s  te rm in a tio n  e f f e c t s .  Extreme sh a rp en in g  may even r e s u l t  in  
f a l s e  peaks ap p ea rin g  in  th e  v e c to r  map.
In  g e n e ra l ,  e x te n s io n  o f  th e  range  o f th e  d a ta  and sh arpen ing  
o f  th e  P a t te r s o n  c o e f f i c ie n t s  w i l l  n o t r e s o lv e  a l l  o f  th e  o v e rlap  in  
th e  P a t te r s o n  d e n s ity  map. In  o rd e r  f o r  th e  l e a s t  sq u a re s  method to  
w ork, a l l  o f  th e  v e c to rs  m ust be re s o lv e d  and r e f in e d .  Thus f u r th e r  
s te p s  must be taken  to  lo c a te ,  w ith  th e  n e c e ssa ry  a c c u ra c y , th e  vec­
to r s  c o n ta in e d  in  th e  o v erlapped  reg io n s  o f th e  v e c to r  map. I t  would 
seem p o s s ib le  to  approach th i s  in  a sy s te m a tic  m anner.
I f  th e  d a ta  a re  p la c e d  on th e  a b so lu te  s c a le  th en  th e  numbers 
produced in  th e  P a t te r s o n  map have p h y s ic a l s ig n i f ic a n c e .  These 
numbers r e p re s e n t  th e  average o f th e  p ro d u c ts  o f  th e  e le c t r o n  d e n s i t i e s  
o f  a l l  p o in ts  in  th e  c r y s t a l l i n e  u n i t  c e l l  s e p a ra te d  by th a t  v e c to r .
The i n t e g r a l  o f  t h i s  fu n c tio n  over th e  volume o f  th e  peak i s  th en  th e  
sum o f th e  p ro d u c ts  o f th e  atom ic numbers o f  th e  atoms in  th e  c r y s t a l l i n e  
u n i t  c e l l  w hich a re  s e p a ra te d  by v e c to rs  which f a l l  w ith in  th e  volume o f
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th e  peak I n te g ra te d .  T his th en  y ie ld s  th e  number o f  v e c to rs  under 
th e  o verlapped  peak , assum ing ag a in  th e  "eq u a l atom" compound. F u r th e r  
i t  i s  p o s s ib le  to  check t h i s  number o f  v e c to rs  s in c e  i t  i s  p o s s ib le  
to  d e te rm in e , from d e n s i ty ,  u n i t  c e l l  and m o lecu la r w eight m easurem ents, 
th e  number o f atoms w ith in  a  c r y s ta l  u n i t  c e l l  and hence th e  t o t a l  
number o f  v e c to rs  th a t  w i l l  be g e n e ra te d .
Furtherm ore th e  t h e o r e t i c a l  d e n s ity  o f  a P a tte r s o n  peak may 
be c a lc u la te d  u s in g  s im p le  fu n c tio n s ,  s in c e  s p h e r ic a l ly  sym m etrical 
atoms m ight be assum ed. Then use could  be  made o f  th e  f a c t  th a t  th e  
o verlapped  peak i s  th e  sum o f  th e  p re v io u s ly  determ ined  number o f 
s in g le  v e c to r s .  The u se  o f t h i s  f a c t  shou ld  make i t  q u i te  s t r a i g h t  
forw ard  to  develop methods f o r  p la c in g  s in g le  peaks to  b u ild  th e  com­
p o s i te  peak . The most obv ious means o f i n i t i a l  p lacem ent i s  through 
e x te n s io n  o f  th e  te ch n iq u es  used  in  c o n v en tio n a l a b so rp tio n  s p e c tro ­
scopy . I f  s u i ta b le  c r i t e r i a  cou ld  be developed  th e s e  p lacem ents could  
be i n i t i a l l y  re f in e d  to  g iv e  th e  b e s t  f i t  o f th e  overlapped  re g io n  
b e fo re  th e  v e c to rs  w ere used  in  th e  l e a s t  sq u a re  scheme. The c r i t e r i a  
which a re  most obvious a re  th o se  o f th e  d i f f e r e n t i a l  F o u rie r  re fin em en t 
method d isc u sse d  e a r l i e r .  Namely th a t  th e  d e r iv a t iv e s  o f th e  observed  
and c a lc u la te d  d e n s i t ie s  w ith  r e s p e c t  to  th e  c o -o rd in a te s  u , v , and w 
be th e  same a t  th e  v e c to r  lo c a t io n s .  Because o f th e  known o v erlap  
f u r th e r  c r i t e r i a  such as th e  e q u a l i ty  o f  th e  second d e r iv a t iv e s  w ith  
r e s p e c t  to  th e  c o o rd in a te s  p robab ly  should  be employed. Once th i s  had 
been  done th en  th e  approxim ate v e c to rs  could  be used  as in p u t fo r  th e  
l e a s t  sq u a re s  re f in e m e n t.
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F ln a l ly  as  a  r e s u l t  o f  th e  p ro g re s s  made In  r e c e n t  y e a rs  in  th e
programming o f s o lu t io n  o f  n o n lin e a r  e q u a tio n s  i t  i s  p o s s ib le  to  ex tend
th e  range o f  i n i t i a l  e r r o r  allow ed  in  th e  l e a s t  sq u a re  and d i f f e r e n t i a l
F o u r ie r  m ethods. T his i s  done by in c lu d in g  second and th i r d  d e r iv a t iv e
term s in  th e  T ay lo r s e r ie s  expansion  o f  th e  fu n c tio n . T h is r e s u l t s  in
a po lynom ial in  th e  e r r o r s  r a th e r  th a n  th e  u su a l norm al e q u a tio n s .
However by r e q u ir in g  th a t  th e  s o lu t io n s  to  th e se  e q u a tio n s  be sm all
44and r e a l  th e  r ig h t  s e t  o f  c o r re c t io n s  may be found. E ichhorn  has 
shown how th e se  term s may be  in c lu d e d  in  th e  u su a l l e a s t  sq u a re s  and 
d i f f e r e n t i a l  F o u r ie r  methods o f X -ray  d i f f r a c t i o n .  The e x te n s io n  to  
th e  v e c to r  space  re fin e m en t p ro d u cu res  proposed h e re  i s  obv ious.
However t h i s  e x p ed ien t shou ld  n o t p rove  n e c e ssa ry  i f  th e  i n i t i a l  f i t  
o f  th e  v e c to rs  to  th e  o verlapped  peaks i s  s u f f i c i e n t l y  a c c u ra te .
PART I I I
ATTEMPTED SOLUTIONS OF THE CRYSTAL STRUCTURE 
OF N-ACETYL PROLINE MONOHYDRATE
The In tro d u c t io n  o f  an 1 -p ro l in e  re s id u e  in to  a  p r o te in
c h a in  causes a  g ro s s  d i s t o r t i o n  o f many o f th e  commonly o c c u rr in g
secondary  and t e r t i a r y  s t r u c t u r e s  o f  th e s e  m o le c u le s . The in t ro d u c t io n
o f an 1 -p ro l in e  r e s id u e  in to  a r ig h t-h a n d e d  a - h e l i x  fo rc e s  th e  h e l ix
to  change d i r e c t io n  by a t  l e a s t  35 d eg rees  and d i s r u p ts  two of th e
43s t a b i l i z i n g  hydrogen bonds. N e ith e r  can a p r o l in e  re s id u e  be
in tro d u c e d  in to  e i t h e r  th e  p a r a l l e l  o r  a n t i - p a r a l l e l  p le a te d  sh e e t
a rran g em en ts . T h is i s  becau se  th e  t e r t i a r y  amide cannot e n te r  in to
hydrogen bonding . A lso th e  s u b s t i tu t io n  o f -CHg- f o r  th e  hydrogen of
th e  amide group r e s u l t s  in  se v e re  d i s to r t i o n  caused  by van d e r W aal's
f o r c e s .  F in a l ly  none o f th e  a tte m p ts  to  b u i ld  a  model fo r  th e
s t r u c t u r a l  p r o te in ,  c o lla g e n  have been co m p le te ly  s u c c e s s fu l .  T his may
be a t t r i b u t e d ,  in  la rg e  p a r t ,  to  th e  n e c e s s i ty  to  in c lu d e  a h ig h
45p e rc e n ta g e  o f p r o l in e  and h y d ro x y -p ro lin e  r e s id e s  in  th e  p ro te in  
sequence .
For th e se  re a so n s  i t  was dec ided  to  in v e s t ig a t e  th e  geom etry
of th e  1 -p ro l in e  m o lecu le  w ith  th e  n i t ro g e n  in  th e  amide form .
A c e ty l - l - p r o l in e  was chosen  r a th e r  th an  g ly c y l- 1 - p r o l in e  to  e l im in a te
th e  e f f e c t s  o f th e  p o la r  ammonium io n  on th e  con fo rm ation  of th e  m o lecu le ,
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Figure 1. N -A cetyl-l-Proline-M onohydrate Data C rysta l
h-
Main Face = 1 0  1
a = 0 .328  m i l l im e te r s  d = 0 .293 m il l im e te r s
b = 0 .345 " e  = 0.345 "
c = 0 .345 " f  = 0.517 "
a  = 70 d eg rees
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Large c r y s ta l s  o f N - a c e ty l - l - p r o l ln e  m onohydrate were grown
by e v a p o ra tio n  o f  an aqueous s o lu t io n .  The d a ta  c r y s t a l  i s  shown in
F ig u re  1. The only  sy s te m a tic  absences were fo r  OkO w ith  k odd. This
in d ic a te d  e i t h e r  P . o r  P . . S ince  P„ cannot accomodate an 1 abso - 
'^l ^1/m h /m
l u t e  c o n f ig u ra tio n  w ith o u t th e  sim u ltaneous p resen ce  o f  th e  d a b so lu te
c o n f ig u ra t io n ,  P„ was chosen as  th e  space  group . The u n i t  c e l l  dim en-
s io n s  a r e :
a  = 6 .61  £  
b = 10.69 X 
c  =  6 . 6 6  X 
6 = 108.89°
The ex p erim en ta l d e n s ity  was determ ined  to  be 1 .301 gm/ml, w h ile  th a t  
c a lc u la te d  f o r  CyOgNH^^.HgO N -a c e ty 1 -1 -p ro lin e  m onohydrate i s  1 .306 gm/ml. 
There a r e  two m olecu les p e r  u n i t  c e l l .
The i n t e n s i t i e s  w ere m easured w ith  n ic k e l  f i l t e r e d  copper K_^ 
r a d ia t io n  u s in g  th e  th e t a - two th e ta  scan  te c h n iq u e . 860 independen t 
r e f l e c t i o n s  were measured ou t to  a two th e ta  o f  one hundred fo r ty  d eg ree s . 
Of th e se  only 23 were too weak to  be observed . L o re n tz -p o la r iz a t io n  and 
a b so rp tio n  c o r re c t io n s  were a p p lie d  to  th e  d a ta .  The l i n e a r  a d so rp tio n  
c o e f f i c i e n t  was 4.106 cm
A W ilson p lo t  was p re p a re d . A v is u a l  f i t  y ie ld e d  v a lu es  o f 
192 f o r  K, th e  s c a le  c o n s ta n t ,  and 4 .50  f o r  B, th e  tem p era tu re  f a c to r .  
These v a lu e s  were used to  compute th e  sharpened  s t r u c tu r e  f a c to r  co­
e f f i c i e n t s  U and E. (See appendix  B .)
I d e n t i ty  o f  th e  Compound 
As p re v io u s ly  no ted  th e  observed  d e n s ity  ag reed  e x c e l le n t ly  w ith  
th e  d e n s ity  c a lc u la te d  from th e  u n i t  c e l l  c o n s ta n ts  and th e  m o lecu la r
—118—
w eig h t o f N -a c e ty l-1 -p ro lin e  m onohydrate. . However p r o l in e  i s  more 
d i f f i c u l t  to  a c y la te  th a n  a r e  o th e r  amino a c id s .  T h e re fo re  i t  was 
n e c e ssa ry  to  in v e s t ig a te  th e  p o s s i b i l i t y  th a t  th e  c r y s t a l s  were 
a c tu a l ly  1 -p ro l in e  a c e ta t e ,  th e  a c e t i c  a c id  s a l t  o f  1 - p r o l in e .
The on ly  re fe re n c e  to  th e  m e ltin g  p o in t o f  N -a c e ty l-1 -p ro lin e
49d id  n o t  in d ic a te  w hether th e  h y d ra te d  o r unhydrated  form was re p o r te d .
The re p o r te d  compound had been p r e c ip i ta te d  from an aqueous s o lu t io n  
by a c id  and r e c r y s ta l l i z e d  from a c e to n e . The re p o r te d  m e ltin g  p o in t 
i s  118°. The c r y s ta l s  on w hich th e  d a ta  was ta k en  m e lted  a t  82°. 
R e c r y s ta l l i z a t io n  from a c e to n e  d id  n o t change th e  m e ltin g  p o in t .
A se a rc h  o f  th e  l i t e r a t u r e  on i d e n t i f i c a t i o n  o f  o rg an ic  compounds 
f a i l e d  to  y ie ld  any compound w ith  a s u i ta b le  m o lecu la r w eigh t and 
m e ltin g  p o in t .  The m e ltin g  p o in t  o f  1- p r o l in e  a c e ta t e  cou ld  n o t be 
found .
A p ro to n  m agnetic  re so n an ce  spectrum  was ta k e n  on t h i s  compound.
A draw ing o f  t h i s  spectrum  i s  shown in  F ig u re  2a . The number in  
p a re n th e s e s  above each peak  i s  th e  r e l a t i v e  a re a  u n d er th a t  peak . I f  
th e  s m a l le s t  peak i s  assumed to  be caused by th e  p ro to n  a t ta c h e d  to  th e  
a -  carbon  atom o f th e  p r o l in e ,  th e n  th e  numbers a ls o  r e p re s e n t  th e  nqmber 
o f p ro to n s  which re s o n a te  a t  th e  frequency  a t  which th e  peak i s  found.
The peaks have a ls o  been l e t t e r e d .  The peak a ,  as  s t a t e d  above, had 
been a ss ig n e d  to  th e  s in g le  p ro to n  on th e  a -c a rb o n .  The peak b has 
been a ss ig n e d  to  th e  two p ro to n s  on th e  6 -carbon  atom o f th e  p ro l in e  
r e s id u e .  Because p ro l in e  i s  a  c y c l ic  imino a c id  th e  6-ca rb o n  i s  
a d ja c e n t  to  th e  n it ro g e n  atom . T his f a c t  e x p la in s  th e  lo c a t io n  o f t h i s  
peak . The peak c has been a ss ig n e d  to  th e  th r e e  hydrogens o f th e  a c e ty l
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F ig u re  2 a . P ro to n  M agnetic Resonance Spectrum 
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group and th e  fo u r hydrogens o f th e  K and y carbons o f  th e  p ro lin e
r e s id u e .  The sharp  s in g le  sp ik e  in  peak c has been a ss ig n ed  to  th e
th r e e  hydrogens o f th e  a c e ty l  g roup . The second number in  p a re n th e se s  
by peak  c i s  th e  i n t e g r a l ,  s t a r t i n g  from th e  l e f t ,  o f peak c up to
and in c lu d in g  th i s  sp ik e . The peak d has been a ss ig n ed  to  th e  a c id
hydrogen of th e  a c e ty lp r o l in e  m olecu le  and to  th e  two hydrogens from 
th e  w a te r o f h y d ra tio n . The a d d i t io n  o f deu terium  o x ide  to  th e  sample 
caused  t h i s  peak to  d is a p p e a r . I t  was re p la c e d  by a sharp  s in g le  peak 
w hich overlapped  p a r t  o f peak b . This c l e a r ly  showed th e s e  th re e  
hydrogens to  be exchangeab le .
However i t  i s  a ls o  p o s s ib le  to  a s s ig n  th e  peaks to  th e  p ro to n s  
in  p r o l in e  a c e ta t e .  In  o rd e r  to  re s o lv e  t h i s  am bigu ity  Q.0346 grams 
of th e  compound were d r ie d  in  a vacuum d e s ic a to r  over a t  60°C
f o r  tw enty h o u rs . T his y ie ld e d  0.0335 grams o f d r ie d  compound. This 
p ro d u c t m elted  a t  117-118°C, th e  reco rded  m e ltin g  p o in t o f N -a c e ty l-  
1 - p r o l in e .  A p ro to n  m agnetic  resonance  spectrum  of t h i s  d r ie d  compound 
was ta k e n . I t  i s  shown in  F ig u re  2b.
Peaks a ,  b , and c in  t h i s  spectrum  have been a ss ig n e d  to  th e  
same p ro to n s  as were d isc u sse d  above. Peak f  has been ass ig n ed  to  th e  
a c id  hydrogen of a c e ty lp r o l in e .  The e x tra  p ro to n s  under peaks f  and c 
have been a t t r ib u t e d  to  co n tam in a tio n  o f th e  so lv e n t by w ate r and non- 
d e u tra te d  a c e t o - n i t r i l e .  The s o lv e n t was d e u tra te d  a c e t o - n i t r i l e  fo r  
b o th  s p e c tr a ,  however th e  s o lv e n t was from a  d i f f e r e n t  so u rce  in  each 
c a s e ,  which i s  th e  reaso n  fo r  th e  d i f f e r e n t  number o f e x t r a  p ro to n s  in  
th e  two s p e c tr a .
To t e s t  th e  p o s s i b i l i t y  o f so lv e n t co n tam in a tio n  fo r  th e
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d e u tra te d  a c e t o - n i t r i l e  used to  run  spectrum  2b, a b lan k  was ru n . T his 
was done by m ixing some of th e  s o lv e n t w ith  carbon t e t r a c h l o r id e .  The 
re g io n  in  peak c showed th e  p resen ce  o f  p ro to n s  in  t h i s  spectrum  a l s o .
The a d d i t io n  o f a  sm all amount of w a te r to  t h i s  sample caused p a r t  o f 
th e  p ro to n s  in  t h i s  re g io n  o f th e  b la n k  spectrum  to  s h i f t .  T his 
in d ic a te s  th a t  p a r t  o f th e se  p ro to n s  w ere w a te r  p ro to n s . The r e s t  were 
m ethyl p ro to n s  from n o n -d e u tra te d  a c e t o - n i t r i l e .
The d r ie d  sam ple on which th e  spectrum  was run  was reco v e red  
and i t s  m e ltin g  p o in t  checked. The sam ple m e lted  over a low er and 
w ider ran g e  th an  p re v io u s ly . T his i s  f u r th e r  ev idence fo r  th e  
p o s tu la te d  co n tam in a tio n  o f  th e  s o lv e n t by w a te r .
The p ro to n  m agnetic resonance  s p e c tr a  c l e a r ly  in d ic a te s  t h a t  th e  
d ry in g  p ro c e ss  removes w ate r r a th e r  th a n  a c e t i c  a c id  from th e  compound.
I f  a c e t ic  a c id  w ere being  removed th e  s p e c tr a  should  re v e a l  th e  lo s s  
o f one p ro to n  from th e  d peak and th r e e  p ro to n s  from th e  c peak . F u r th e r  
th e  th r e e  p ro to n s  l o s t  from th e  c peak shou ld  be th e  p ro to n s  re p re s e n te d  
by th e  l a r g e ,  sharp  sp ik e  so th a t  th e  lo s s  would be o b v ious, even in  
th e  p resen ce  o f im p u r it ie s  in  th e  s o lv e n t .  I f  w ater were l o s t  th e  s p e c tr a  
would be expected  to  show th e  lo s s  o f  two o f th e  a c t iv e  p ro to n s  o f peak d 
to  form peak f .  There does n o t appear to  be any lo s s  from peak c .  I t  
i s ,  th e r e f o r e ,  f a i r l y  c e r t a in  th a t  w a te r r a th e r  th an  a c e t ic  a c id  i s  
be ing  l o s t .  Thus th e se  s p e c tr a ,  combined w ith  th e  c lo se  agreem ent o f  
th e  observed  and c a lc u la te d  d e n s ity  and th e  m e ltin g  p o in t o f  th e  d r ie d  
compound, show th e  i d e n t i t y  o f th e  compound to  be N - a c e ty l - l - p r o l in e  
m onohydrate.
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A ttem pted S o lu tio n s  o f  th e  S tru c tu r e
The f i r s t  a ttem p t to  s o lv e  th e  s t r u c tu r e  was by th e  u se  o f th e
P a t te r s o n  fu n c t io n .  T his a tte m p t was based  on th e  f a c t  t h a t  f o r  space
g
group P , th e  s e c t io n  x , 1 /2 ,  z i s  a  B arker s e c t io n  o f  th e  P a tte r s o n  
1
f u n c t io n .  T h is B arker s e c t io n  r e s u l t s  from th e  symmetry o p e ra t io n  of 
a two fo ld  screw  a x i s ,  which may be w r i t t e n  x ,y ,z  ■> - x ,  l / 2 + y , - z .  
T h e re fo re  th e  v e c to r  betw een an atom and i t s  symmetry r e l a t e d  atom 
has c o o rd in a te s  2x, 1 /2 ,  2z . Thus th e  B arker s e c t io n  shows a  p ro ­
j e c t i o n  o f th e  m olecu le  down th e  b a x i s .  The in te ra to m ic  d is ta n c e s  in  
t h i s  p r o je c t io n  a r e ,  as can be seen  from th e  form of th e  B arker v e c to r s ,  
tw ic e  th o se  o f th e  r e a l  m o lecu le .
S e v e ra l o r ie n ta t io n s  o f th e  f iv e  membered r in g  o f th e  p ro l in e  
m o lecu le  t h a t  would f i t  th e  B ark er s e c t io n  could  be found . Only a few 
o f th e s e  cou ld  be ex tended  to  th e  com plete N - a c e ty l - l - p r o l in e  m o lecu le . 
These t r i a l  s o lu t io n s  w ere compared w ith  th e  com plete P a t te r s o n  
fu n c t io n .  Most o f them d id  n o t f i t  th e  P a tte r s o n  fu n c t io n .  S tru c tu re  
f a c to r s  and F o u r ie r  e le c t r o n  d e n s i ty  maps were computed f o r  th o se  which
m ost n e a r ly  m atched th e  P a t te r s o n  fu n c t io n .  The s t r u c t u r e  f a c to r  and
F o u r ie r  c a lc u la t io n s  showed th e s e  t r i a l  s o lu t io n s  to  be wrong.
The f a i l u r e  o f th e  B arker s e c t io n  to  r e v e a l  th e  s t r u c t u r e  may
be a t t r i b u t e d  to  th e  main d i f f i c u l t y  in  so lv in g  a l l  s t r u c tu r e s  from 
t h e i r  P a t te r s o n  m aps, th e  se v e re  o v e rla p  o f th e  v e c to r s .  In  t h i s  
p a r t i c u l a r  B arker s e c t io n  o n ly  n in e  d i s t i n c t  peaks can be lo c a te d .
T here shou ld  be tw e lv e , one f o r  each  atom in  th e  asym m etric u n i t .  Of 
th e se  n in e ,  f iv e  a r e  o v e rlap p ed  w ith  each o th e r  in  two g ro u p s , one of 
two peaks which may be i d e n t i f i e d  and a second group w ith  th r e e  peaks.
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The h e ig h t o f  th e  e n t i r e  re g io n  o f t h i s  second group i s  g r e a te r  th an
th e  maximum h e ig h t o f any s in g le  peak . T h is makes i t  h o p e le ss  to  t r y
to  u se  th e s e  peaks to  p la c e  atom s, th e re fo re  th e  a tte m p ts  to  so lv e  th e
s t r u c tu r e  from th e  P a tte r s o n  fu n c tio n  w ere abandoned.
An a tte m p t was made to  so lv e  th e  cen trosym m etric  ac p ro je c t io n
34of th e  c r y s t a l  s t r u c tu r e  by u se  o f  th e  H arker-K asper in e q u a l i t i e s .
However th e  u n i ta r y  s t r u c tu r e  f a c t o r s ,  U, a s s o c ia te d  w ith  th e  hOl
r e f l e c t i o n s  were n o t la rg e  enough to  d e term ine  a s u f f i c i e n t  number o f
p h ases . A F o u r ie r  c a lc u la te d  by in c lu d in g  th e  phases which alm ost
bu t n o t q u i t e  s a t i s f i e d  an in e q u a l i ty  y ie ld e d  no u s e fu l  in fo rm a tio n .
A ll  f u r th e r  a tte m p ts  to  so lv e  th e  c r y s ta l  s t r u c tu r e  o f
N - a c e ty l - l - p r o l in e  m onohydrate were based on th e  sym bolic a d d i t io n
p rocedu re  o f  Hauptman and K a r le .^ ^ '^ ^ '^ ^ * ^ ^  The use o f  t h i s  method
re q u ire s  t h a t  th e  o r ig in  be s p e c if ie d  by a s s ig n in g  phases to  a p p ro p r ia te
s t r u c tu r e  f a c t o r s . I n  space  group P» th e  a p p ro p r ia te  s t r u c tu r e
1
f a c to r s  m ust in c lu d e  two w ith  in d ic ie s  hOl and one w ith  in d ic ie s  h k l w ith  
k f  0 . F u r th e r  th e  two hOl s t r u c tu r e  f a c to r s  must be o f d i f f e r e n t  
p a r i t y  w ith  re s p e c t  to  th e  eveness o r  oddness o f h and 1 . N e ith e r  can 
they  be o f  th e  ty p e  even , 0 , even.
The n e c e s s i ty  o f th e  p a r i t y  requ irem en t may be seen  by exam ining 
th e  s t r u c t u r e  f a c to r  eq u a tio n  f o r  th e  hOl r e f l e c t i o n s .  T his eq u a tio n  
may be w r i t t e n
F^^^ = 2 co s2 ir(h x + lz ).
The o r ig in ,  in  t h i s  p r o je c t io n  i s  on one o f  th e  fo u r p o in t s ;  0 ,0 ,0 ;  1 /2 ,  
0 ; 0 , 1 /2 ; o r  1 /2 ,  1 /2 .  Thus th e  s p e c i f i c a t io n  o f th e  o r ig in  on th i s  
p ro je c t io n  i s  a m a tte r  of p ic k in g  one o f th e se  fo u r p o in t s .  The
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d l f f e r e n t  p a r i t y  groups change s ig n  in  d i f f e r e n t  m anners in  going from 
one p o in t to  a n o th e r . I t  can  be seen  th a t  th e  p a r i t y  group even , 0 , 
even does n o t change s ig n  w h ile  changing o r ig in .  Thus i t  cannot be 
used  to  s p e c ify  th e  o r ig in .  The s ig n  changes a re  g iven  in  th e  
fo llo w in g  t a b le .
P a r i ty
Group 0 ,0  1 /2 ,0  0 ,1 /2  1 /2 ,1 /2
e ,0 ,e  + + + +
e ,0 ,e  + + -  -
0,0,e + - + -
0 ,0 ,0  + -  -  +
Thus any com bination  o f r e l a t i v e  s ig n  changes co rresp o n d s to  a 
p e rm is s ib le  o r ig in  in  th e  hOl p r o je c t io n .
Exam ination o f  th e  g e n e ra l s t r u c tu r e  f a c to r  e q u a tio n s  fo r  P„
1
r e v e a ls  t h a t  th e  a r b i t r a r y  assignm ent of a phase an g le  to  a subsequen t 
g e n e ra l r e f l e c t i o n  co rresponds p h y s ic a l ly  to  choosing  a r b i t r a r i l y  th e  y 
c o o rd in a te  o f th e  c e n te r  of g r a v i ty  o f th e  c o n te n ts  o f th e  asym m etric 
u n i t .  The eq u a tio n s  a re  fo r  k=even
A = 2 c o s 2 it (hx + Iz )  cos2îtky
B = 2 c o s 2tt (hx + I z )  sin2irky
fo r  k = odd
A “ -2  bin2ïï (hx + Iz )  sin2nky
B = 2 s in2n  (hx + Iz )  cos2irky
where F = A + IB.
The f i n a l  cho ice  o f th e  sym bolic a d d i t io n  p ro ced u re  to  space
group P„ i s  th e  cho ice  o f th e  enantiom orph. That i s  th e  ch o ice  between 
1
a r i g h t  o r  l e f t  handed s t r u c t u r e .  Of cou rse  when th e  ch o ice  i s  made
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I t  I s  n o t known w hether th e  l e f t  o r  r ig h t  handed s t r u c t u r e  has been
chosen . K arle  and Hauptman^^ s t a t e  th a t  t h i s  c h o ice  i s  made by
a r b i t r a r i l y  choosing  th e  s ig n  o f  any s t r u c tu r e  in v a r ia n t  whose
v e c t o r i a l  v a lu e  i s  n o t e i t h e r  ze ro  o r p i .  The ch o ice  o f  th e  p o s i t iv e
s ig n  fo r  th e  phase a n g le  a i s  e q u iv a le n t to  th e  ch o ice  o f an
enantiom orph w ith  c o o rd in a te s  (x , y , z) th e  ch o ice  of minus a i s
e q u iv a le n t to  th e  ch o ice  o f th e  o p p o s ite  enantiom orph w ith  c o o rd in a te s
( - X ,  - y ,  - z ) .  A s t r u c t u r e  in v a r ia n t  i s  a s t r u c t u r e  f a c to r  whose
v e c t o r i a l  v a lu e  i s  indep en d en t o f th e  ch o ice  o f o r ig in .  Hauptman and
K arle^^  have shown th a t  th e  s t r u c t u r e  in v a r i a n ts  in  P , have th e
1
in d ic ie s  o f th e  p a r i t y  ev en , 0 , even . Thus in  P„ th e re  a re  no
1
s t r u c t u r e  in v a r i a n ts  which do n o t have a v a lu e  o f  e i t h e r  zero  o r  p i .
In  p r a c t ic e  in  P_ th e  enantiom orph i s  chosen by a s s ig n in g  to  
1
a fo u r th  s t r u c tu r e  f a c to r  a  sym bolic v a lu e , re p re s e n te d  by a l e t t e r .
T h is  s t r u c tu r e  f a c to r  i s  a  g e n e ra l s t r u c tu r e  f a c t o r  so t h a t  i t  i s  
expec ted  th a t  i t s  phase i s  n o t e i t h e r  zero  o r  p i .  Phase d e te rm in a tio n  
may now proceed  u s in g  th e  th r e e  a r b i t r a r i l y  a s s ig n e d  phases and th e  
sym bol.
39Phase d e te rm in a tio n  i s  i n i t i a l l y  c a r r ie d  ou t u s in g  what i s  
known as th e  r e l a t io n s h ip ,  which i s ,
♦h -  *k + \ - k -
4»^  i s  th e  phase o f  th e  s t r u c tu r e  f a c to r  a s s o c ia te d  w ith  h k l in d ic ie s  h . 
T h is  p ro cess  i s  co n tin u ed  u n t i l  an i n i t i a l  f iv e  to  te n  p e r  c e n t o f  th e  
d a ta  have been a ss ig n e d  p h ases  in  term s o f th e  i n i t i a l l y  a ss ig n ed  
phases and th e  sym bol. T h is  symbol i s  th en  g iv en  s e v e ra l  v a lu e s  betw een 
zero  and p i .  The v a lu e  w hich le a d s  to  th e  m ost s e l f - c o n s i s t e n t  s e t  i s
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chosen  as  th e  c o r r e c t  v a lu e .  The n e g a tiv e  v a lu e s  between ze ro  and minus 
p i  a r e  n o t co n s id e red  b ecau se  th ey  co rrespond  to  th e  ch o ice  o f  th e  
o p p o s ite  enantiom orph.^^  T hree d i f f e r e n t  i n i t i a l  s e t s  w ere used  ^n 
th e  a tte m p ts  to  so lv e  th e  s t r u c t u r e  of N - a c e ty l - l - p r o l in e  m onohydrate. 
They a r e  l i s t e d  below .
SET I  
1 0  1 =  o ( + )
1 0  4 =  0(+)
1 9  2 = 0 (+)
2 1  2  =  a  
SET I I  
1 0  1 = 0 (+)
1 0  4 =  0(+)
2 1  2 = i r / 2
I  1 0  1  =  a
SET I I I
7  0  2 =  0 ( + )
1 0  1 =  0(+)
7  9 1 +  0(+)
4 6 2 = a 
7  8  3 = b
I t  w i l l  be n o tic e d  th a t  two symbols were used  in  th e  t h i r d  s e t  o f 
i n i t i a l  p h a se s . T h is was n e c e ssa ry  because i t  was n o t p o s s ib le  to  
re a c h  a l l  o f th e  s t r u c tu r e  f a c to r s  w ith  th e  r e la t io n s h ip  u s in g  on ly  
th e  fo u r  i n i t i a l l y  a ss ig n e d  p h a se s . This symbol m ust be a llow ed  to  
assume a l l  v a lu e s  betw een m inus p i  and p lu s  p i .  In  t h i s  c ase  however
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th e  a p p l ic a t io n  o f  th e  r e la t io n s h ip  re v e a le d  th a t  b = 3a . Thus t h i s
r e la t io n s h ip  was used In  a s s ig n in g  v a lu e s  to  th e  sym bols.
A f te r  th e  phases a re  a ss ig n ed  th ey  a re  re f in e d  u s in g  what I s
39known as th e  ta n g en t fo rm u la . T his form ula I s :
ta n  = i  % -k  1*1* + *h-k>
J  l \  Eh-k « k  + ♦h-k>
T his e q u a tio n  I s  th e  e q u iv a le n t o f th e  Eg r e la t io n s h ip  In  term s o f th e  
v e c t o r i a l  com ponents. T h is  form ula was th en  u se d , a s  d e sc rib e d  In  
appendix B, to  a s s ig n  f u r th e r  p h ases . T his was con tinued  u n t i l  th e  
number o f a ss ig n ed  phases was te n  to  f i f t e e n  tim es th e  number o f atoms 
p re s e n t In  th e  s t r u c t u r e .
At t h i s  p o in t F o u r ie r  maps w ere c a lc u la te d  u s in g  th e  a ss ig n ed  
phases and th e  sharpened  s t r u c tu r e  f a c t o r s ,  E, as c o e f f i c i e n t s .  These 
maps were In v e s tig a te d  f o r  f e a tu r e s  o f th e  N - a c e ty l - l - p r o l ln e  m o lecu le . 
S ev era l o f th e se  f e a tu r e s  were found In  each o f  th e  maps. A ttem pts were 
made to  com plete th e se  s t r u c t u r e s .
These a ttem p ts  f e l l  In to  two c a te g o r ie s .  The f i r s t  was th e  
t r a d i t i o n a l  s t r u c tu r e  f a c to r - F o u r le r  c y c le .  The atoms found In  th e  E 
maps, th e  F o u r le rs  computed u s in g  th e  r e s u l t s  o f  th e  sym bolic a d d i t io n  
p ro c e s s , were used as  In p u t fo r  a s t r u c tu r e  f a c to r  c a lc u la t io n .  Those 
s t r u c tu r e  f a c to r s  which c a lc u la te d  In  good agreem ent w ith  t h e i r  
observed  v a lu e s  were used as  In p u t fo r  a  F o u r ie r  c a lc u la t io n .  New atoms 
were lo c a te d  In  s e v e ra l  o f th e se  F o u r ie r  maps. However I t  was Im possib le  
to  o b ta in  a t r i a l  s o lu t io n  which would r e f in e .
The second method used in  a tte m p ts  to  c o r r e c t  and com plete 
th e  I n i t i a l  s e t  o f atoms In v o lv es  th e  f u r th e r  u se  o f th e  sym bolic
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52 53a d d i t io n  p ro c e d u re . * The f i r s t  s te p  in v o lv e s  th e  c a l c u la t io n  o f  th e  
s t r u c tu r e  f a c to r s  u s in g  th e  atoms lo c a te d  in  th e  i n i t i a l  E map. Then 
phases a r e  a ss ig n ed  to  th e  s t r u c tu r e  f a c to r s  a s s o c ia te d  w ith  h ig h  E 
v a lu e s .  The phases a re  a ss ig n ed  o n ly  i f  X * |F ^ |> |F g | where X i s  th e  
f r a c t io n  o f  th e  s c a t t e r in g  m a tte r  used  in  th e  s t r u c tu r e  f a c to r  c a l c u la t io n  
| f ^ 1 i s  th e  a b s o lu te  v a lu e  o f  th e  c a lc u la te d  s t r u c tu r e  f a c to r  and |f ^ |  
i s  th e  a b s o lu te  v a lu e  of th e  observed  s t r u c t u r e  f a c t o r .  These a ss ig n e d  
phases a r e  th e n  used to  i n i t i a t e  th e  phase g e n e ra tio n  u s in g  th e  ta n g e n t 
fo rm u la . When s u f f i c i e n t  phases a re  g e n e ra te d  an o th e r E map i s  
c a lc u la te d .  T h is p ro cess  a ls o  r e s u l te d  in  changes and a d d i t io n s  to  
th e  i n i t i a l  s t r u c t u r e s .  Once ag a in  th e s e  t r i a l  s t r u c tu r e s  cou ld  n o t be 
r e f in e d .  In  a few cases  th e  p ro cess  was re p e a te d  s e v e ra l  tim e s .
Reasons fo r  th e  F a i lu r e  o f  th e  Symbolic A d d itio n  P roced u re
The m ost p la u s ib le  reaso n  fo r  th e  f a i l u r e  o f th e  sym bolic
a d d i t io n  p ro ced u re  to  so lv e  th e  s t r u c t u r e  i s  found in  i t s  s t a t i s t i c a l
n a tu re .  As e x p la in ed  in  Appendix B th e  g e n e ra l in e q u a l i ty  from w hich
th e  ta n g e n t form ula and th e  12 r e la t io n s h ip  a re  d e riv e d  p la c e s  no
a b s o lu te  r e s t r i c t i o n  on th e  phase o f  a s t r u c t u r e  f a c to r  in  a complex
s t r u c t u r e .  However an a n a ly s is  o f th e  p r o b a b i l i ty  r e la t io n s  betw een
th e  phase and th e  s t r u c tu r e  f a c to r  m agnitude in d ic a te s  th a t  th e
averages o r summations used in  th e  ta n g e n t form ula and th e  12 r e l a t i o n
39g iv e  th e  m ost p ro b ab le  phase .
T h is  in e q u a l i ty  may be exp ressed  in  term s o f  th e  u n i ta r y  
s t r u c tu r e  f a c t o r s ,  U, as
\  -  \ ^ h - k






The th r e e  l a r g e s t  u n i ta ry  s t r u c t u r e  f a c to r s  a r e  th e  - 6 ,  6 , 3 w ith
U “  0 .4 9 5 ; - 4 ,5 ,2 ,  IJ = 0 .4 5 5 ; and - 7 ,  0 , 2 , U “  0 .3 9 1 . Even i f  th e se
th r e e  s t r u c t u r e  f a c to r s  w ere r e l a t e d  to  each o th e r  in  th e  manner 
re q u ire d  f o r  th e  a p p l ic a t io n  o f  t h i s  in e q u a l i ty  th ey  a r e  n o t la rg e  
enough to  c o n s tr a in  th e  p h ase . The r e s u l t  o f t h i s  i s  th a t  th e  accep tance  
o f  any phase  i s  dependent o n ly  on i t s  c o n s is te n c y  w ith  th e  s e t  from 
which i t  was g e n e ra te d  and o th e r s  g e n e ra te d  by th a t  s e t .
When th e  f i r s t  phases a re  g e n e ra te d  th e  p ro c e ss  i s  n o t
s t a t i s t i c a l l y  p ro p e r . That i s  th e r e  a r e  n o t enough known ph ases  so 
t h a t  new p hases a re  th e  r e s u l t  o f  an  av e ra g in g  p ro c e s s .  They a re  
de term ined  by th e  in d ic a t io n  from  a s in g le  p a i r .  T h is  means th a t  th e re  
i s  a h ig h  p r o b a b i l i ty  th a t  th e  p hase  i s  in c o r r e c t .  I f  s e v e r a l  o f th e  
f i r s t  p h ases  g en e ra ted  a re  in c o r r e c t  by a la rg e  amount th en  th e  ta n g en t 
fo rm ula  w i l l  p ro p ag a te  t h i s  e r r o r  and i t  i s  l i k e l y  th a t  th e  phases 
w i l l  converge to  a s e l f - c o n s i s t e n t  in c o r r e c t  s e t .  T h is  le a d s  to  a 
f a i l u r e  o f t h i s  m ethod.
A second so u rce  o f t r o u b le  in  P„ i s  th e  f a c t  th a t  i t  i s  a
1
p o la r  sp ace  g roup . Because o f  t h i s  th e  o r ig in  i s  n o t u n iq u e ly  d e fin e d  
in  th e  b d i r e c t io n .  I t  i s  d e f in e d  o n ly  by th e  phases g e n e ra te d  by th e  
sym bolic a d d i t io n  p ro ced u re . Each o f  th e se  phases w i l l  be in c o r r e c t  by 
some am ount. T h is  d e v ia tio n  i s  sm a ll and random fo r  s e t s  o f phases 
w hich le a d  to  c o r r e c t  s t r u c t u r e s .  However in  a p o la r  d i r e c t io n  each of
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th e s e  erro n eo u s phases has d e f in e d  a  d i f f e r e n t  o r ig i n .  T h is 
problem  I s  compounded by th e  sm a ll number o f s t r u c t u r e  f a c to r s  used 
In  c a lc u la t in g  th e  E map. T h is cou ld  le a d  to  a  d is o rd e r in g  o f  th e  
s t r u c tu r e  In  th e  p o la r  d i r e c t i o n .  T his d is o rd e r in g ,  I f  s y s te m a tic , 
could  cau se  th e  convergence o f some atoms In to  a s in g le  peak and th e  
d iv e rg e n ce  o f o th e rs  so t h a t  bonded p a i r s  would n o t be re c o g n iz e d .
T h is  la c k  o f a w e ll  d e f in e d  o r ig in .  In  th e  p o la r  d i r e c t io n ,  could  
o f f e r  an e x p la n a tio n  o f a  d is c o n c e r t in g  phenomenon which was observed 
In  many o f  th e  c a lc u la te d  E m aps. T h is  was th e  o c c u rre n c e  o f  a peak 
whose h e ig h t was a t  l e a s t  th r e e  tim es t h a t  of th e  n e x t h ig h e s t  peak.
In  a l l  b u t one o f th e se  c a se s  t h i s  peak o ccu rred  a t  th e  x and z co­
o rd in a te s  p re d ic te d  by th e  h ig h e s t  peak In  th e  H arker s e c t io n  o f th e  
P a t te r s o n  fu n c tio n .  The y c o o rd in a te  o f a s in g le  peak I s ,  o f  co u rse ,
n o t o b ta in a b le  from the  P a t te r s o n  fu n c tio n  fo r  P» .
1
These phenomena would o r d in a r i ly  be In te r p r e te d  by th e  
p re sen ce  o f  a  heavy atom. P o tassium  o r c h lo r in e  were th e  m ost l i k e ly  
from th e  ap p a re n t e le c t ro n  d e n s i ty .  Chemical t e s t s  f a i l e d  to  d is c lo s e  
th e  p re sen ce  o f e i th e r  of th e s e  s p e c ie s .  L east sq u a re  re fin e m en t o f 
t h i s  p roposed  atom tended to  d is p e r s e  th e  h igh  e le c t r o n  d e n s i ty .  The 
F o u r ie r  based  on phases g e n e ra te d  by t h i s  "atom" f a i l e d  to  re v e a l  th e  
s t r u c t u r e .  At l e a s t  p a r t  o f  t h i s  s t r u c tu r e  should  have been ap p aren t 
I f  Indeed  th e  heavy atom w ere p r e s e n t .  Thus I t  was concluded  th a t  t h i s  
was n o t a heavy atom.
The h ig h  P a tte r s o n  peak may be ex p la in ed  e i t h e r  by th e  p resen ce  
o f s e v e ra l  atoms w ith  a lm ost th e  same x and z c o o rd in a te s  o r by th e  
p re sen ce  o f  non-symmetry r e la te d  atoms w ith  a d i f f e r e n c e  o f  1 /2  In  th e  
y c o o rd in a te .  I t  I s  p robab ly  caused  by a com bination  o f b o th . I f  th e re
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a re  s e v e ra l  atoms w ith  th e  same x and z c o o rd in a te  th en  th e  convergence
phenomena p o s tu la te d  above could  e x p la in  th e  o ccu rren ce  o f th e  h igh
peak in  th e  E maps.
I t  i s  u n fo r tu n a te  th a t  t h i s  h y p o th e s is  canno t be te s te d
u n t i l  th e  s t r u c tu r e  i s  so lv e d . I t  i s ,  how ever, w orth  n o tin g  th a t
space group has a h ea rsay  re p u ta t io n  f o r  cau s in g  more d i f f i c u l t y  
1
w ith  th e  sym bolic a d d i t io n  p roced u re  th an  o th e r  non-cen trosym m etric  space  
g ro u p s. Perhaps t h i s  i s  because most o f th e  o th e r  non-cen trosym m etric  
space  g ro u p s , in  which sym bolic a d d i t io n  has been t r i e d  have been non­
p o la r ,  such as P , ,  ,  o r  P-„ ,  .
I l l  ^^1^1
The O ccurrence o f F a lse  M irro r P lanes 
There i s  y e t one ty p e  o f in c id e n t which o ccu rred  d u rin g  th e se  
a tte m p ts  which should  be re c o rd e d . T his i s  th a t  th e  E maps c a lc u la te d  
from th e  phases g en e ra ted  by two i n i t i a l  s e t s  co n ta in ed  m irro r  p la n e s .  
These s e t s  a re  l i s t e d  below and a re  d i s t i n c t  from th e  i n i t i a l  s e t s  
l i s t e d  e a r l i e r .
SET IV SET V
1 0 1  = 0 1 0 1  = 0
- 1 0 4 = 0  - 1 0 4 = 0
- 1 9 2 = 0  - 1 9 2 = 0
-1  10 1 = a  -2  10 2 = a
T his m irro r  p la n e  was p a r a l l e l  to  th e  xz p la n e  and had th e  same 
c o o rd in a te  as  th e  la rg e  peak which was d isc u sse d  e a r l i e r .  However th e  
m ir ro r  p la n e  was no t p re s e n t in  a l l  o f th e  E maps which co n ta in ed  th e  
la rg e  peak . In  th e se  E maps th e  la rg e  peak had a re g u la r  o c ta h e d ra l 
su rround ing  o f n e a re s t  n e ig h b o rs .
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Ât th e  tim e t h i s  o ccu rred  i t  was th o u g h t to  be caused  by th e
ch o ice  o f  a  r e f l e c t i o n  w ith  k even f o r  th e  s e le c t io n  o f th e  enantiom orph .
However subsequen t ev e n ts  have proved t h i s  h y p o th e s is  in c o r r e c t .  The
f i r s t  o f th e s e  ev en ts  i s  th e  p u b l ic a t io n  o f th e  c r y s t a l  s t r u c tu r e  o f
th e  a lk a lo id  p a n a m i n e . T h i s  m olecu le  a ls o  c r y s t a l l i z e s  in  space
group P . and th e  enantiom orph was chosen  w ith  th e  r e f l e c t i o n  5 , 2 ,
1
8 w hich has k even . F u r th e r  some o f th e  s e t s  w hich y ie ld e d  t r i a l  
s o lu t io n s  fo r  th e s e  a tte m p ts  on N - a c e ty l - l - p r o l in e  u sed  r e f l e c t i o n s  
w ith  k even to  s e l e c t  th e  enantiom orph . S e t I I  even used th e  r e f l e c t i o n  
- I j  10 , 1 . None o f  th e s e  E maps c o n ta in ed  th e  m ir ro r  p la n e . T h e re fo re  
i t  does n o t appear th a t  th e  u se  o f  r e f l e c t i o n s  w ith  k even caused th e  
m ir ro r  p la n e s .  These f a l s e  m ir ro r  p la n e s  w ere n o t in v e s t ig a te d  f u r th e r ,  
and t h e i r  cause  i s ,  a t  p r e s e n t ,  unknown.
PART IV
SUMMARY AND CONCLUSIONS
The c r y s ta l  and m o lecu la r  s t r u c t u r e  o f  d laquo  z ln c ( I I )  
g ly c y lg ly c y lg ly c ln a to  h e m is u lfa te  d ih y d ra te  was so lv ed  u s in g  c l a s s i c a l  
P a tte rso n -h e a v y  atom m ethods. The z in c  io n  and two l i g h t  atoms were 
lo c a te d  from th e  P a tte r s o n  map. These th re e  atoms w ere t h e i r  own 
m irro r  image a c ro s s  th e  f a l s e  m ir ro r  p la n e  a t  y=0. T h is m ir ro r  
p la n e  was a n a tu r a l  consequence o f  th e  symmetry o f  th e  P a t te r s o n  
fu n c t io n .  S u ccessiv e  c y c le s  o f  s t r u c t u r e  f a c to r - F o u r ie r  e le c tro n  
d e n s i ty  map c a lc u la t io n s  re v e a le d  th e  c r y s t a l  and m o lecu la r s t r u c tu r e .
The z in c  io n  was re v e a le d  to  be one o f  a sm a ll b u t growing 
group o f  m e ta l io n s  w ith  a w e ll  e s ta b l is h e d  p e n ta c o -o rd in a t io n . The 
c o -o rd in a t io n  geom etry i s  b e s t  d e s c r ib e d  as  a m o d era te ly  d i s to r t e d  
t r i g o n a l  b ip y ram id . The z in c  i s  c h e la te d  th rough  th e  amine te rm in a l 
n i t ro g e n  and th e  f i r s t  c a rb o n y l oxygen o f th e  p e p t id e .  A lso th e  z in c  
io n  i s  complexed to  th e  ca rb o n y l group o f  a n o th e r  p e p t id e  m olecu le .
T h is  compound i s  th e  f i r s t  t r ig o n a l  b ipy ram id  su rro u n d in g  which 
has been  found fo r  a z in c  io n  w ith  l ig a n d s  w ith  a  b io lo g ic a l  n a tu re .
T h is geom etry o f f e r s  a p o s s ib le  s t r u c t u r a l  e x p la n a tio n  o f th e  i n a c t i ­
v i t y  o f  s e v e r a l  z in c  c o n ta in in g  enzymes.
The bond d is ta n c e s  and an g les  o f th e  p e p t id e  m olecu le  a re  
g e n e ra l ly  w ith in  the  range o f  n o rm ally  re p o r te d  v a lu e s .  The conforma­
t io n  o f  th e  p e p tid e  ch a in  i s  a ls o  w e ll  w ith in  th e  n o rm ally  allow ed 
ran g e . P ro b ab ly  th e  on ly  im p o rta n t d e v ia tio n  in  th e  p e p t id e  ch a in  i s  
th e  s l i g h t  b u t  s ig n i f i c a n t  s h o r tn e s s  o f the  0*2=02 bond. This sh o r tn e s s
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46has a ls o  been  no ted  In  th e  s t r u c tu r e s  o f th e  copper c h e la te  and th e
calcium  complex^^ o f  g ly c y l g ly c y l g ly c in e . T h is  s h o r tn e s s  has been
a t t r i b u t e d  to  th e  weak and non -cum ula tive  I n te r a c t io n s  which a re  found
in  th e se  s t r u c t u r e s .  I f  t h i s  e x p la n a tio n  i s  th en  v a l id  th en  th e se
d i f f e r e n t  dim ensions may be u s e f u l  in  c o n s tru c t in g  t h e o r e t i c a l  models o f
45th e  s t r u c t u r a l  p r o te in  c o l la g e n . T his i s  because  in f r a r e d  s tu d ie s  
in d ic a te  th a t  t h i s  p r o te in  does n o t form th e  a lm ost i n f i n i t e  chain  
o f hydrogen bonds found in  o th e r  s t r u c t u r a l  p r o te in s .  In  f a c t  c o lla g e n  
i s  a p p a re n tly  a  v ery  poor hydrogen bond fo rm er, a  c h a r a c t e r i s t i c  sh ared  
by z in c  t r i g ly c i n e .
I t  i s  known th a t  th e  p ro c e ss  o f l e a s t  sq u a re s  on atom ic 
c o o rd in a te s  on p o la r  space  g roups le a d s  to  e r r o r s  in  th e  e s tim a te d  
s ta n d a rd  d e v ia tio n s  o f  th e s e  c o o rd in a te s .  T his problem  may be over­
come by th e  l e a s t  sq u a res  re fin e m en t o f th e  in te ra to m ic  v e c to rs  r a th e r  
th an  th e  atom ic c o o rd in a te s .  T h is p ro cess  a ls o  has th e  advan tage th a t  
i t  y ie ld s  d i r e c t l y  e s tim a te d  s ta n d a rd  d e v ia tio n s  o f th e  bond le n g th s  
In  a s t r u c t u r e .  S ince i t  i s  p o s s ib le  to  o b ta in  approxim ate in te ra to m ic  
v e c to rs  d i r e c t l y  from th e  P a t te r s o n  fu n c tio n , th e  re fin e m en t te ch n iq u e  
a ls o  may be used to  so lv e  unknown s t r u c tu r e s .  The method should  be 
m ost u s e fu l  in  so lv in g  "eq u a l atom" prob lem s, th e  ty p e  o f  s t r u c tu r e  
which i s  most d i f f i c u l t  to  so lv e  u s in g  c u r re n t  m ethods.
F in a l ly  th e  v a r io u s  a tte m p ts  to  so lv e  th e  c r y s t a l  s t r u c tu r e  o f  
N - a c e ty l - l - p r o l in e  m onohydrate have been p re s e n te d . P o s s ib le  reaso n s 
fo r  th e  f a i l u r e  o f methods employed to  so lv e  t h i s  s t r u c tu r e  have been 
p roposed . The p re s e n ta t io n  o f  th e s e  u n su c c e ss fu l a tte m p ts  se rv e s  to  
em phasize th e  d i f f i c u l t y  in  s o lv in g  th e  above "eq u a l atom" s t r u c tu r e s  
w ith  c u r r e n t  te c h n iq u e s .
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APPENDIX A
M athem atical A n a ly s is  o f  C onform ational A ngles
The program c a lc u la te s  th e  d ih e d ra l  ang le  betw een th e  two p la n es  
determ ined  by th e  sequences 1 ,2 ,3  and 2 ,3 ,4  in  a  l i s t  o f  4 atom ic p o s i­
t io n s .  The zero  ang le  may be s p e c if ie d  as e i t h e r  a c i s  o r  t r a n s  c o n f i­
g u ra tio n .
Trans c o n f ig u ra tio n  C is c o n f ig u ra tio n
zero  ang le  zero  an g le
T his d ih e d ra l  ang le  i s  th e  r i g h t  handed r o ta t io n  about l i n e  2-3 needed 
to  produce th e  e x is t in g  c o n f ig u ra tio n  from th e  p la n a r  c i s  o r  tr a n s  
re fe re n c e  c o n f ig u ra tio n . The r i g h t  handed r o ta t io n  i s  d e f in e d  as c lo ck ­
w ise  m otion of atom 4 when one looks in  th e  d i r e c t io n  from 2 to  3.
The c a lc u la t io n s  a re  perform ed in  E u c lid ia n  th r e e  sp a c e , th a t  
i s  a  th r e e  d im ensional o rthonorm al c o -o rd in a te  system . T his r e s u l t s  
in  a p p re c ia b le  s im p l i f ic a t io n  o f  th e  form ulas used  in  th e  com putations 
and th e re f o r e  saves com putation  tim e i f  s e v e ra l  an g les  a re  to  be com­
p u ted .
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In  th e  fo llo w in g  d is c u s s io n  A, B, and C w i l l  re p re s e n t  th e  
axes o f  th e  o rthonorm al system  and a ,  b ,  and c w i l l  re p re s e n t  th e  
c r y s t a l  c o -o rd in a te  system  a x e s , a* , b* and c* w i l l  r e p re s e n t  th e  
d u a l c o -o rd in a te  axes o f th e  c r y s ta l  system . The c o n tra v a r le n t  com­
ponen ts  o f  th e  atom ic c o -o rd in a te s  In  th e  c r y s t a l  system  w i l l  be 
X ,  y , and z and t h e i r  c o u n te rp a r ts  In  E u c lid ia n  space w i l l  be X, Y, 
and Z. The f r a c t i o n a l  atom ic c o -o rd in a te s  o f th e  atoms In  th e  c r y s t a l  
m ust be g iv en  In  a  r ig h t  handed system .
The o rthonorm al c o -o rd in a te  system  I s  chosen such th a t  A I s  
c o in c id e n t w ith  a  and o f u n i t  le n g th . B Is  In  th e  ab p lan e  p e r ­
p e n d ic u la r  to  A and o f u n i t  le n g th . C I s  o f  u n i t  le n g th  and p e r­
p e n d ic u la r  to  b o th  A and B, t h i s  causes C to  be  c o in c id e n t w ith  c* . 
These r e la t io n s h ip s  may be  ex p ressed  In  term s o f  th e  fo llo w in g  
e q u a t io n s .
A = a / | a |
C = c * /Ic * I 
B = C X  A
The tra n s fo rm a tio n  o f atom ic c o -o rd in a te s  I s  w r i t t e n  In  m a tr ix  form 
as :
(X,Y,Z) = ( x ,y ,z ) ( B ) .
For an o rthono rm al c r y s ta l  system  th e  axes A,B,C a re  c o in c id e n t
w ith  th e  axes a , b , c .  T h is a llow s one to  Im m ediately  w r i te  th e  m a tr ix
31In  term s o f th e  r e c ip r o c a l  c e l l  p a ram eters  o r  d u a l ax es .
/ 1 /a*  0 0
B = 0 1/b*
\ 0 0
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For a m o noc lin ic  c r y s t a l  system  A and B a re  c o in c id e n t w ith  a and b . 
The m a tr ix  may ag a in  be e a s i l y  w r i t t e n  in  term s o f  th e  r e c ip ro c a l  
c e l l  axes and a n g le s .
1 /a*  s in  6* 0 0
3 = 1  0 1/b* 0
-1 /c *  ta n  3* 0 1 /c*
For a  t r i c l i n i c  system  th e  f a c t  th a t  a l l  o f th e  r e c ip r o c a l  ang les  
d i f f e r  from n in e ty  d eg rees  co m p lica tes  th e  c ro s s  term s o f  th e  
m a tr ix  so  th a t  i t  i s  n o t e a s i l y  ex p ressed  in  term s o f th e  r e c ip ro ­
c a l  c e l l  d im ensions. In  t h i s  ca se  th e  3 m a tr ix  i s  b e s t  ex p ressed  
in  term s o f th e  c o v a r ia n t and c o n tra v a r ia n t  com ponents, g^j and g^^ 
o f  th e  m e tr ic  te n so r  o f  th e  c r y s t a l  c o -o rd in a te  sy stem . The c o n tra ­
v a r ia n t  components o f  th e  m e tr ic  te n s o r  may be d i r e c t l y  ex p ressed
1 2in  term s o f  th e  r e c ip r o c a l  c e l l  p a ra m e te rs . I f  a = a* , a = b* ,
3 1 2  3a  = c* , a = a* , a = 3*, a  = y* th en  th e  c o n t r a v a r ia n t  com ponents,
g^^ , o f  th e  m e tr ic  te n s o r  a re  g iv en  by th e  fo llo w in g  fo rm u lae .
-  ( a b '
g^^ = a^ a^ cosa^ , i f j ^ k
i iS ince (g ) = (g ^ j)  ., th e  c o v a r ia n t com ponents, g ^ ^ , o f  th e  m e tr ic
te n so r  may be found by in v e r t in g  th e  m a tr ix  o f  th e  components o f th e
c o n tra v a r ia n t  m e tr ic  te n s o r .  The P m a trix  o f  th e  components o f th e  
31m e tr ic  te n s o r  i s .
®12^*^11 *^ 1® 1^ 33/^11 °
®31^*^®n /|g |g32/^® ll® 33 ^^*^33
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where |g |  i s  th e  d e te rm in an t o f  th e  c o v a r ia n t components o f  th e  m e tr ic  
te n s o r .  The form ulae f o r  th e  elem ents o f th e  m e tr ic  te n s o r  and th e  3 
m a tr ix  i n  term s o f i t s  components a re  v a l id  f o r  a l l  c r y s t a l  c o -o rd in a te
system s. The m e tr ic  te n s o r  i s  in v e r te d  u s in g  th e  G auss-Jo rdan  P iv o t
32 33method programmed in  F o r tra n  IV language .
A f te r  th e  atom ic c o -o rd in a te s  a re  tran sfo rm ed  to  th e  o r th o ­
norm al system  th e  th re e  v e c to rs  re p re s e n t in g  the  bonds between th e  
fo u r atoms a re  formed. For th e  tr a n s  zero  con fo rm ation  th e  v e c to rs  
a re
^1 = atoMg -  atom^^
?2 = atOBg -  atomg
?3 = atom^ -  atomg
For th e  c i s  ze ro  conform ation  th e  v e c to rs  a re
^1 = atoBg -  atom^
^2 = atOMg -  atomg
?3 = atom^ -  atom^
The c a lc u la t io n  o f in  t h i s  manner a rran g es  th e  v e c to rs  so th a t  
th e  ze ro  c o n f ig u ra tio n  o f th e  v e c to rs  i s  t r a n s  w h ile  th a t  o f th e
atoms i s  c i s .  This a llow s th e  an g le s  o f r o ta t io n  to  be  c a lc u la te d
from th e  v e c to rs  o f e i t h e r  th e  c is  o r  t r a n s  arrangem ent o f  atoms by
th e  same a lo g rith m s .
Next th e  u n i t  norm als to  th e  p la n es  formed by atoms 1 , 2 , 
and 3 and 2 , 3 , and 4 a re  c a lc u la te d .
« 1 ,2 ,3  = «1 '
« 2 ,3 ,4  ‘  «2 =
-143-
Then th e  s in e  and co s in e  o f  th e  an g le  o f r o ta t io n  a re  c a lc u la te d  a s ,
cos <|) = Ng.N^
I s in  4)| = iNgXN^I 
The s ig n  o f  s in  <j> may th en  b e  c a lc u la te d  u s in g  th e  tr ig n o m e tr ic  
i d e n t i t y
cos(a±90) = ± s in  a 
and th e  f a c t  th a t  and Ng a re  o r th o g o n a l. More r e le v a n t ly ,  th e  
p r o je c t io n  o f  on th e  p la n e  which has Vg as  i t s  norm al makes an 
an g le  904-4» w ith  N^. Then i f  i|» i s  th e  an g le  betw een and and 
4» th e  a n g le  betw een and N^, fo r
0 < 4» < TT th e n  ir/2 < ip < 3n/2
and f o r
IT < 4» < 2ïï th en  -n /2  < ip < n /2 .
T h e re fo re  th e  s ig n  o f  c o s in e  o f  th e  an g le  betw een and i s  th e  
o p p o s ite  o f  th e  s ig n  o f  s in  <p, o r
s ig n  o f [ | s i n  4» I  ] = s ig n  o f  [-V ^.N ^].
Knowledge o f th e  s in e  and c o s in e  o f  an an g le  i s  o f  co u rse  e q u iv a le n t
to  knowledge o f  th e  an g le  i t s e l f .
APPENDIX B
The Sym bolic A d d itio n  P rocedure  
In  1948 B arker and K asper^^ d e riv e d  a s e t  o f  in e q u a l i t i e s  
w hich w ould r e v e a l  th e  phase o f  th e  la rg e  d i f f r a c t i o n  am p litu d es .
The in e q u a l i t i e s  were good o n ly  f o r  cen trosym m etric  space  g roups.
They w ere developed in  term s o f  no rm alized  s t r u c t u r e  f a c to r  amp11-
^  ^OTjq? .
tu d e s ,  U, w here U = F^/K ^Z^f^e
i s  th e  observed  s t r u c t u r e  f a c to r  a m p litu d e , f^  i s  th e
s c a t t e r in g  f a c to r  f o r  th e  i t h  atom in  th e  s t r u c t u r e ,  S i s  th e  s in e
o f t h e t a ,  th e  d i f f r a c t i o n  a n g le ,  d iv id e d  by th e  wave le n g th  o f  th e
X -ra y s , and K and B a re  th e  s c a le  f a c to r  and te m p era tu re  c o - e f f i c i e n t
35d e riv e d  from a W ilson p lo t .
These o r ig in a l  in e q u a l i t i e s  w ere d e riv e d  by ap p ly in g  th e
Schw artz and Cauchy in e q u a lit ie s  to  the F o u r ie r  tra n s fo rm  used in
36 37X -ray d i f f r a c t i o n .  O thers  ’ l a t e r  showed th a t  th e se  in e q u a l i t i e s  
w ere a r e s u l t  o f  th e  n o n -n e g a t iv i ty  o f  th e  r e s u l t s  o f  th e  F o u r ie r  
tra n s fo rm , th e  e le c tro n  d e n s i ty .  Hauptman and K arle  showed th a t  
th e se  in e q u a l i t i e s  were b e s t  w r i t t e n  as d e te rm in a n ts . A lso by th e  
in t ro d u c t io n  o f th e  symmetry c o n s t r a in ts  on th e  e le c t r o n  d e n s ity  i t  
i s  p o s s ib le  to  w r i te  more p o w erfu l phase d e te rm in in g  in e q u a l i t i e s .
The above m entioned in e q u a l i t i e s  a re  s e v e re ly  l im ite d  i n  th e  
com plex ity  o f  th e  s t r u c tu r e  w hich may be so lv ed  by t h e i r  u se . This
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F ig u re  1.








a r l s e s  from th e  f a c t  th a t  e x p e rien ce  has shown th a t  i t  i s  u s u a lly
n e c e ssa ry  f o r  about te n  p e r - c e n t  o f  th e  U v a lu e s  to  be  0 .40  o r
g r e a te r  i f  th e  s t r u c t u r e  i s  to  be so lv ed  by d i r e c t  a p p l ic a t io n
38o f th e  in e q u a l i t i e s .  I f  th e  U 's  have a norm al d i s t r i b u t io n  
w hich i s  g iv en  by th e  e q u a tio n
P(U) dU = (2%E)"1 e " ( "  dU
where
.  -  I  '  .
f o r  a  s t r u c t u r e  composed o f  o n ly  one type o f  atom , t h i s  co rresponds 
to  a  maximum o f s ix te e n  atom s. Of course  la r g e r  s t r u c tu r e s  have been 
so lv ed  by t h i s  m ethod, b u t in  m ost cases  th e  U d i s t r i b u t io n  was made 
abnorm al by a  m o lecu la r symmetry which has a  s y s te m a tic  e f f e c t .
I t  has a ls o  been  observed  th a t  U 's  w hich have v a lu es  alm ost 
la rg e  enough to  de te rm in e  t h e i r  phases u s u a lly  have th e  phase i n d i ­
c a te d  by th e  in e q u a l i ty  which n e a r ly  a p p l ie s .  F u r th e r  i f  s e v e ra l  o f 
th e s e  i n e q u a l i t i e s  a lm ost app ly  then  th e  phase  i s  more probab ly  
c o r r e c t  th an  i f  on ly  one e q u a l i ty  r e la t io n s h ip  w hich i s  alm ost met 
can be found. Hauptman and K arle  have developed  a  method which sy s ­
te m a t ic a l ly  e x p lo i ts  th e se  two phenomena. I t  i s  known as sym bolic 
30a d d i t io n  and i s  th e  most s u c c e s s fu l  and w id e ly  used  o f th e  s o - c a l le d  
d i r e c t  m ethods.
The o r ig in a l  fo rm u la tio n  fo r  cen tro sym m etric  c r y s ta l  s t r u c tu r e s
38i s  a s o p h is t ic a t io n  o f  th e  Sayre e q u a tio n , w hich i s
\  -1  k % - k
0 i s  a c o n s ta n t which i s  a  fu n c tio n  o f th e  p a r t i c u l a r  s t r u c tu r e  and V 
i s  th e  volume o f th e  u n i t  c e l l .  This eq u a tio n  was d e riv e d  by ap p ly in g
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th e  s e l f  co n v o lu tio n  theorem  to  th e  F o u r ie r  c o - e f f i c i e n t s  f o r  a 
c r y s t a l  s t r u c t u r e  and th e  s t r u c t u r e  w hich has th e  sq u a re  o f  th e  e le c ­
t r o n  d e n s i ty  o f  th e  f i r s t  s t r u c t u r e  a t  a l l  p o in t s .  U sing th i s  equa­
t i o n  one i s  a b le  to  e s t a b l i s h  r e la t io n s h ip s  o f  th e  ty p e
s (h )  X s ( k )  X s (h -k )  = +1 
w here s (h )  i s  th e  s ig n  o f  F^.
K arle  and Hauptman used  norm alized  s t r u c t u r e  f a c t o r  am pli­
tu d e s ,  such  th a t  th e  F 's  a re  n o rm alized  u s in g  th e  e q u a tio n
 ^e J f^^  exp<-2BS)
w here e i s  th e  in v e rs e  o f  th e  f r a c t io n  o f  r e f l e c t i o n s  a b se n t from 
a  p a r t i c u l a r  s e t  o f  r e f l e c t i o n s  becau se  o f  space  group e x t in c t io n s .  
They found th a t  i f  th e  s t r u c t u r e  f a c to r  am p litu d es  a re  no rm alized  
i n  t h i s  manner th en  i t  i s  p o s s ib le  to  d e r iv e  a  s im p le  r e la t io n s h ip  
betw een th e  s i z e  o f th e  summation ^  over th e s e  E v a lu e s  w ith
known p hases and th e  p r o b a b i l i t y  th a t  th e  phase o f  i s  p o s i t i v e .
The p r o b a b i l i ty  th a t  th e  phase  o f  E^ i s  p o s i t iv e  i s  g iv e n  by
p+(h) -  h  + 
m
*n -  S Z i
w here M i s  th e  number o f  atoms in  th e  u n i t  c e l l .  S in ce  one may 
a r b i t r a r i l y  choose up to  th r e e  phases in  o rd e r  to  s p e c ify  th e  o r ig in  
i t  i s  p o s s ib le  to  p roceed  and compute th e  p r o b a b i l i ty  t h a t  each 
phase i s  c o r r e c t .  Thus w h ile  one i s  n o t c e r t a in  o f  each p h ase , th o se  
phases m ost l i k e l y  to  be wrong may be  d is c a rd e d .
However th e  m ost s i g n i f i c a n t  advancement ach iev ed  by Hauptman 
and K arle  was th e  e x te n s io n  o f  d i r e c t  methods to  non-cen tro sym m etric
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as w e ll  a s  cen trosym m etric  s t r u c t u r e s .  This was ach ieved  by use o f 
th e  in e q u a l i ty .
.  Y A < ^ooo (h -k ) F F , 000 -kh Fooo
F,. , F F, Fh -k  ooo k 000
ooo
where F i s  th e  s t r u c tu r e  f a c to r  am plitude o f  th e  r a d ia t io n  s c a t te r e d  ooo
in  th e  same d i r e c t io n  as th e  in c id e n t  r a d ia t io n .  T his in e q u a l i ty  may be 
r e w r i t t e n  as
Iv^l 4 r.
T his in e q u a l i ty  has th e  fo llo w in g  g e o m e tr ic a l i n t e r p r e ta t io n  which i s  
i l l u s t r a t e d  in  F ig . 1 . The i n t e r p r e t a t i o n  i s  th a t  th e  complex s t r u c tu r e  
f a c to r  F^ may n o t ta k e  any v a lu e  b u t must be in  th e  a re a  o f th e  complex 
p la n e  bounded by a c i r c l e  o f  ra d iu s  r  whose c e n te r  i s  a t  6. F u r th e r  i f  
th e  m agnitude of F^ i s  known th e n  th e  complex q u a n t i ty  F^ must be lo c a te d  
on th e  c i r c l e  swept o u t by i t s  m agnitude and be between p o in ts  A and B 
on th a t  c i r c l e .
S in ce  th e  v e c to r  k may be v a r ie d  a t  w i l l ,  th e re  a re  many such 
l im i ta t io n s  on th e  phase o f any am plitude F^. I f  on ly  th e  la rg e  F^_^ 
and F^ v a lu e s  a re  co n sid e red  then  th e  v a lu e  o f r  i s  sm all and F^?»^ 
o r  ^  ^ h - k ^ l ^ '  where im p lie s  th e  av erag e  o f th e  la rg e  v a lu es
o f as  k  v a r ie s  a t  w i l l .  S ince  th e  q u a n t i t i e s  F^ a re  complex v e c to rs  
th e  av erag es  a re  v e c to r  a v e ra g e s . Thus each F^ i s  a s s o c ia te d  w ith  a 
phase an g le  by th e  eq u a tio n
which le a d s  to
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If^I - ^ |F ^ .^ |  If^I exF(i$h_k' '
R e c a llin g  th e  Sayre eq u a tio n  one concludes
< \ - k  + * ^ k  •
The l im i t a t i o n  to  th e  method i s  th e  f a c t  th a t  a s  th e  c r y s ta l
becomes complex, th e  q u a n t i ty  r  becomes so  la rg e  th a t  th e  g e n e ra l
in e q u a l i ty  i t s e l f  im poses no r e s t r i c t i o n s  on th e  phase o f  F^. However 
39K arle  and K arle  have shown th a t  th e  d e riv e d  phase d e te rm in in g  fo rm u la , 
w hich use  th e  lo c a t io n  o f  6 r a th e r  th an  th e  s iz e  o f  r ,  rem ain v a l id .  
D uring th e  co u rse  o f  th e  a n a ly s is  showing th a t  th e  phase  r e la t io n s h ip  
was v a l id  f o r  complex s t r u c tu r e s  a more a c c u ra te  fo rm ula  was d e r iv e d . 
This i s  th e  w e ll  known ta n g e n t fo rm u la .
,  <K \ - k l  si=(*k + W >
»  ■ < l \  % _kl  :°»< *k + ♦h-k>>
I t  i s  t h i s  form ula th a t  i s  g e n e ra l ly  used  in  th e  phase assignm ent 
p ro ced u re  le a d in g  to  a  c r y s t a l  s t r u c t u r e .
T his form ula and th e  c r i t e r i a  f o r  r e j e c t i n g  u n r e l ia b le  phases 
has been im plem ented in  a p a i r  o f  com puter program s w r i t t e n  f o r  th e  
I.B .M . 360/40 in  F o r tra n . The f i r s t  program  in  th e  p a i r  f in d  a l l  com­
b in a t io n s  o f  th e  type
h = k + ^ - k j
where h and k a re  th e  c r y s ta l lo g ra p h ic  in d ic e s  a s s o c ia te d  w ith  th e  
la rg e  E v a lu e s .  A ll  p a i r s  k and h -k  f o r  each h a re  th e n  s to re d  on 
m agnetic  ta p e  f o r  use by th e  second program . A lso s to r e d  a re  th e  E 
v a lu es  th e  in d ic e s  and th e  p a r i t y  g roup .
The second program ta k e s  an  i n i t i a l  s e t  o f  a ss ig n ed  phases 
and g e n e ra te s  more u s in g  th e  ta n g e n t fo rm u la . A f te r  g e n e ra tin g  th e
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p hases th e  program c y c le s  them th rough  th e  ta n g e n t fo rm ula to  o b ta in  th e  
b e s t  s e l f  c o n s is te n t  s e t .  On th e  l a s t  re f in e m en t c y c le  th e  v a r io u s  i n d i ­
c a to r s  f o r  a c c e p tin g  o r  r e j e c t i n g  th e  a s s ig n e d  phase a re  c a lc u la te d  and 
checked a g a in s t  u s e r  s p e c i f ie d  v a lu e s .  The p o o rly  d e f in e d  phases a re  
removed from th e  l i s t  o f  a s s ig n e d  phases and th e  program  th en  re p e a ts  
th e  p ro c e d u re , s t a r t i n g  w ith  th e  g e n e ra tio n  o f  new p h a se s .
APPENDIX G
A L i s t  o f  Computer Program s Used d u rin g  th e se  In v e s t ig a t io n s  
Type o f  C a lc u la t io n  Computer and Language A uthor
L ea st Square U n it C e ll
L e a s t Square P lane
Bond D is ta n c e s  and 
A ngles
Packing D is tan ce s
Therm al E l l ip s o id s
S tru c tu r e  F a c to r  
L e a s t Squares
F o u r ie r
D ata R eduction
D ata L is t in g
A b so rp tio n  C o rre c tio n
G o n io s ta t S e tt in g s
L o re n tz -P o la r iz a t io n
C o rre c tio n s
A b so rp tio n  C o rre c tio n s
S tru c tu r e  F a c to r  
L e a s t Squares
F o u r ie r
I.B .M . 360, FORTRAN IV T. V. W illoughby
I.B .M . 360, FORTRAN IV T. V. W illoughby
I.B .M . 360, FORTRAN IV M. B. H ossain
I.B .M . 360, FORTRAN IV G. Shepherd
I.B .M . 360, FORTRAN IV W. A. Franks
I.B .M . 360, FORTRAN IV F. A. Ahmed
I.B .M . 360, FORTRAN IV F. A. Ahmed
I.B .M . 360, FORTRAN IV F. A. Ahmed
I.B .M . 360, FORTRAN IV F. A. Ahmed
I.B .M . 1410 , FORTRAN I I P. J . Shapiro
I.B .M . 1410 , FORTRAN I I P. J . S hapiro
I.B .M . 1410 , FORTRAN I I A. F. N icho las
I.B .M . 360, FORTRAN IV P. Coppens
I.B .M . 1620 , Assembly D. van d e r Helm
I.B .M . 1620 , Assembly D. van d e r  Helm
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